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The l a t t e r  two gentlemen are H. Friedman and A. P. 
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8 .  . 

! 1. I"ROWCTI0N 

I The work to  be described by t h i s  report was directed toward evaluation 
1 of several x-ray measurement techniques believed t o  be par t icular ly  w e l l -  

sui ted t o  investigations of ce l e s t i a l  x-ray sources from an Orbiting Astro- 

t o  the  design of necessary components for  a f a s t  spectrograph which would 

I 

I 

I nomical Observatory. The major e f fo r t  under the contract (NASw-917) amounted 

I 
I permit detai led measurements of x-ray spectra. Such measurements were 
I s ta ted  as a long range okdective of our second proposal t o  the NASA f o r  

investigation of s t e l l a r  x-ray phenomena, the hope a t  t h a t  time (December 

The same proposal noted an in te res t  in crossed mirror x-ray collection 
devices which developed over several years in to  a concern f o r  x-ray 
ref lect ion systems of the highest possible efficiency. 
1963, experimental knowledge of the  flux of night sky x-ray sources was 

suf f ic ien t  t o  warrant more detailed pursuit of instnunentation t o  accomplish 

I 1960) being t h a t  element abundance determinations might eventual lybe made. 
I 

I 

By the spring of 

! 
I these two general goals. 

The scope of contract NASw-917 specif ical ly  cal led f o r  preliminary I 
design studies t o  determine the f e a s i b i l i t y  of several experiments fo r  
s a t e l l i t e  use. 
performed under contract NASw-909, which provided f o r  f l ight of x-ray 

Several requis i te  tasks  of these studies were t o  be I 
I 

I 

i detection systems aboard a pa i r  of Aerobee rockets. In  particular, large 
area gas proportional counters, a Venetian blind mirror array ( fo r  x-ray 
col lect ion) ,  and a bare photocathode system (for  x-ray detection) were t o  
be tes ted  and flown. 
information gleaned from both the laboratory study under contract NASw-917, 
and the  f l ight  experiment under contract NASw-99. 

This report  contains the  satellite-experiment desi@ 

2. NATURE OF PROBIEMS STUDIED 

Three main problem areas were singled out f o r  investigation. The first 

of these areas  involved an x-ray opt ical  collection device, cal led a Venetian 

blind, in which t h e  highest possible collection efficiency was t o  be combined 
with a modest angular resolution. Parts (a )  and (b) of Figure 1 indicate 
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Fig. 1. Two types of Venetian bl ind op t i ca l  col lect ion system, and one 
manner of fabr icat ing t h e i r  r e f l ec t ion  surfaces from a number 
of individual elements, are indicated. 
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simple and crossed Venetian blind systems respectively, while par t  (c) 
of the figure shows how t h e  collectors might be fabricated. 
of the sensit ivi3y of a simple Venetian bl ind system t o  t h e  sens i t iv i ty  of 
both a double-focusing (actually an imaging) opt ical  ref lector  and a slmple 

large area gas counter i s  contained i n  Appendix A, arguments presented there 

being deliberately contrived t o  give t h e  most pessimistic appraisal of the  
value of the simple Venetian blind. 

A comparison 
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Fig. 2. January 1963 schematic of a bare photocathode detector. 

The second major area f o r  investigation was concerned with the sirmil- 
taneous high-efficiency, low-noise detection and amplification of the information 
contained by a large quantity of sof t  x-rays. 
were considered. 

mechanically-collimated large-area gas proportional counters. A s  Appendix 
A contains the description of just  such a counter array, constructed under 
contract  NASw-1073 f o r  OAO-AI., further discussion of gas counter systems has 
been v i r tua l ly  eliminated fromthe text of t h i s  report. The second approach 

< 
was based on bare photocathode detection of t h e  sof tes t  (- 3 keV) x rays. 
Individual x rays were t o  be detected by observation of the photoelectrons 
ejected from an appropriate material, the actual  components being arranged 

s Q z ~ ~ l l a + .  l i k e  those shown schematicaiiy i n  Figure 2. 

Two quite different  approaches 
The first approach was based on an array of individual, 

In that fig=ey ~ l t ~ ~ ~ @  
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a variety of electromagnetic radiations m i g h t  be accepted by the entrance 

aperture, vis ible  and u l t rav io le t  l i gh t  were t o  be removed by suitable f i l t e r s  
a t  the same time t h a t  sof t  par t ic les  were removed by e i the r  t h e  repel l ing 
e lec t ros t ic  f i e l d s  or  the f i l t e r s .  The remaining radiation (x rays) was t o  
be converted t o  electrons by the photoelectric surface and these were t o  be 

accellerated and focussed onto an electron detector. 
cosmic-ray-produced electrons from the photoelectric surface, an an t i -  
coincidence element was included i n  the detection system. 
m i g h t  well be used i n  conjunction w i t h  the Venetian bl ind collector mentioned 
above, o r  h some s o r t  of x-ray image amplifier which may be required t o  
f a c i l i t a t e  recording the spectrum of a discrete  source, o r  the in tens i ty  
dis t r ibut ion of an extended source. 
suggested in an August 1960 proposal, pa r t ly  t o  evaluate the background 
problems associated w i t h  x-ray detection systems employing bare photocathodes. 

"he fourth chapter of t h i s  report  describes a similar device constructed fo r  
rocket use, and then evaluates i n  some d e t a i l  the character is t ics  of a 

several-stage image amplifier using a bare photocathode f o r  the x-ray 
conversion stage. 

In order t o  r e j ec t  

Related detectors 

Flight of t h i s  type of device was 

By combining the above two types of apparatus with a novel arrangement 
f o r  dispersion of different  energy x rays, it appeared possible t o  construct 
a spectrograph of about one percent energy resolution which would be 

continuously sensit ive t o  a l l  wavelengths throughout t h e  0.3 t o  3 keV energy 
range. 
constituted the t h i r d  major area t o  be investigated under t h i s  contract. 
Par ts  (a) and (b) of Figure 3 show spring 1963 versions of t h i s  spectro- 
graph, while par t  (c)  of t h a t  figure shows the energy dispersion arrangement 

as f irst  discussed i n  a January 1963 proposal. In pa r t s  (a) and (b) 

of Figure 3, t h e  designations B and D refer t o  the x-ray system used 
t o  convert information about t h e  x-ray spectrum in to  a more u s e m  form, 
the le t ter  C refers t o  an anticoincidence system fo r  re jec t ing  cosmic ray 
events, and the  letters E and F refer t o  an image amplifier and electronic  

readout system. 
figure, while t h e  dispersed spectra appear a t  t h e  r i g h t  of the figure. 

complete description of t h e  spectrograph i s  given Fn Chapter 5 of t h i s  report 
which deals w i t h  the design charac te r i s t ics  of the  energy dispersing components 

Determination of t h e  f e a s i b i l i t y  of fabr icat ing such a spectrograph 

X rays entered t h e  various spectrographs from the l e f t  of the 
A more 
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I 

Fig. 3. June 1963 schematics of spectrographs for medium (- 1$) energy 
resolution are  given as parts (a) and (b) of the figure, while 
the January 1963 schematic of a re la ted grating is shown in part ( c ) .  



and the laboratory demonstration of the va l id i ty  of t h e  spectrograph's design. 
Appendix B presents t h e  first public disclosure of the general features of 
the spectrograph which is  discussed at  some length in Chapter 5. 

I 

The above instruments may a l l  be characterized by the f ac t  t h a t  each 

was optimized t o  provide one par t icular  type of experimental information. 
I n  contrast t o  many conventional types of astronomical optics,  no deliberate 

attempt was made t o  provide a basic device which could be u t i l i zed  fo r  a 

I 

I 
7 
I 

variety of measurements by addition of special  equipment. Emphasis on a 
set of special-purpose instruments seemed proper in v i e w  of the large weight 
capabili ty anticipated f o r  s a t e l l i t e  f l i g h t s  i n  t h e  1970's. 

I 

3. HIGH SENSIT.IVITY COLLECTOR 

A. Theoretical Behavior 

A comparison of the re la t ive  sens i t i v i t i e s  of several types of sof t  
x-ray detection systems i s  given in Appendbc A. 

section i s  devoted t o  defining the geometric form of simple x-ray opt ica l  
collectors and indicating where such col lectors  may be of use. 
presents resu l t s  from measkements of Rieserl  and Lukirskii e t  ale2 of the 
reflection efficiency of thick evaporated layers of gold and titanium. While 

there are some contradictions i n  t h e  available results, a l l  d a t a  c lear ly  show 
t h a t  quite small  angles of incidence must be employed if ef f i c i en t  re f lec t ion  
i s  t o  occur. 
the largest  possible effect ive aperture i s  t o  be constructed. 
must be nade between t h e  smll angles of incidence which must be employed 
f o r  high efficiency ref lect ion and the large angles of ray deviation t h a t  
are required if  large aperture is  t o  be obtained. 

Therefore, most of t h i s  

Figure 4 

This leads t o  a fundamental confl ic t  i f  an op t i ca l  system of 
A compromise 

Figure 5 indicates the nature of t h i s  confl ic t .  Th i s  particular 

Venetian blind could have been constructed from a number of individual, 
identically-sized slats which were arranged i n  a nuniber of rows 
surfaces, just  as shown i n  the  col lector  of Figure 1. 

rays from an in f in i t e ly  d is tan t  point source s t r ik ing  the various re f lec t ing  
surfaces. Successively lasger angles of re f lec t ion  must be undergone by 
rays entering the Venetian blind a t  successively larger angles off-axis. 
The curves in Figure 5 show a typica l  var ia t ion of effect ive aperture with 
photon energy for  a blind having s ix  gold surfaces, each of which was 

1 assumed t o  have a ref lect ion efficiency l i k e  t h a t  measured by Rieser 

of re f lec t ing  

Consider paraxial 
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I 2 3 4 5 6 
REFLECTOR POSITION 

I 

Fig. 5 .  Typical variation of aperture w i t h  photon energy of different  
ref lectors  of a Venetian blind op t i ca l  system l i k e  t h a t  shown 
i n  par t  ( a )  of Figure 1. If the ac tua l  overa l l  length of the 
assembly (x-ray col lector  plus detector)  i s  taken as 2.5 meters, 
then the scale of the ordinate is i n  centimeters. 
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Reflector number one w a s  the fur thest  off t h e  col lector 's  axis  and so 
possessed t h e  largest  geometric aperture, even though the effect ive 

I 

I l e s se r  aperture i s  available at  higher energies. This procedure seems t o  
I yield &out +he same ?.rerflire, ~ ~ . t r ,  a photon energy of 2 keV, as would have 

1 been obtained i f  2 keV had been used as the design energy. 
There are a t  l e a s t  two geometric forms t h a t  appear appropriate fo r  

ax ia l ly  symmetric surfaces, and nested col lectors  of ce l e s t i a l  x-rays: 
parabolic cylinders. 
i s  most desired and what external constraints most a f fec t  t h e  manner of 

The choice of geometry depends on what information 
l 

I 
1 performing a given experiment. An array of nested parabolic cylinder segments 

seems best sui ted t o  rapidly surveying moderately large sky areas with 
modest angular resolution (5 15' of a rc)  and the highest possible sens i t i v i ty  
as such an arrangement can overcome both t h e  l imited f i e l d  of view and the 
r e l a t ive ly  smaller aperture which a re  character is t ic  of the finite-length 
axially-symmetric surface. 

I 

I 
1 
1 

I 

If somewhat higher angular resolution is  desired, then (a nest  o f )  

ax ia l ly  symmetric surfaces i s  more appropriate. 
the  merits of t h e  simple (parabolic) surfaces and the imaging (parabolic- 

Kirkpatrick 3 has discussed 
I 

~ 

hyperbolic o r  parabol ic-el l ipt ical)  surfaces which might be used. 

of surface shape can be made on the bas i s  of the actual  angular resolution 
desired, the quantity of data handling equipment available t o  the experiment, 
and the d i f f i c u l t y  of maintaining t h e  necessary alignment of a number of 

The choice 

I 

~ 

I opt ica l  surfaces in t h e  space environment. To permit resolution of a f e w  

seconds of arc ,  an imaging system such as t h e  parabolic-hyperbolic arrangement 
of Giacconi and Rossi may well be the most prac t ica l  solution. 

t o  t h e  simple paraboloidal surface, which can only focus a source lying on 
the  op t i ca l  axis, t h e  imaging system i s  capable of providing a picture of an 
extended region. Unfortunately, imaging systems require two ref lect ions and 
such an instrument's effect ive aperture falls off more rapidly with increasing 

I 4 
In contrast  
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photon energy than does the aperture of t h e  single-reflection opt ica l  system. 

X-rays coming in a t  an angle 8/2 

A s  noted above, t h e  image of a paraxial  source produced by a parabolic 
re f lec tor  w i l l  not appear sharply focused. 
t o  t h e  axis of a Venetian blind of overal l  length L w i l l  be re f lec ted  t o  
the image plane and i n  t h a t  plane w i l l  f a l l  a distance BL off  t h e  blind's 

plane of symmetry if incident a t  the outer end of the  reflectors. X-rays 
a r r iv ing  at the same angle and incident a t  the detector end of t h e  b l ind ' s  
re f lec tors  w i l l  be reflected t o  an image plane posit ion t h a t  i s  a lesser 
distance off t h e  bl ind 's  plane of symmetry. 

of an image increases w i t h  increasing off-axis source angle as w e l l  as with 
increasing length of t h e  bl ind 's  ref lectors .  Consider, for example, a 

ten-meter long Venetian blind system composed of r e f l ec to r s  extending fo r  
(2.5 meters which is)  one quarter t h e  distance from the  blind's entrance 
t o  the  detector. 
produce an image off t h e  b l ind ' s  plane of symmetry t h a t  spanned some four 
t o  f ive centimeters of t h e  image plane. By ou t f i t t i ng  the image plane 
w i t h  a small number of  detectors as indicated i n  Figure 1 (a),  it appears 
possible t o  simultaneously observe sources lying within + - 1/2O of the b l ind ' s  
axis,  while maintaining an angular resolution i n  any one detector of about 
one-sixth degree. 

extension of t h e  crossed re f lec tors  of Baez ) shown as part (b) of Figure 1. 

The only obvious advantage of such a system i s  t h e  different  techniques of 
construction which might be involved, as compared t o  those required f o r  ax ia l ly  
symmetric reflectors.  

fu l ly  fabricated, both as a simple parabola by Boyd and as an imaging system 
by Giacconi e t  ale7,  the  different  construction technique8 are no longer of 
par t icular  concern. 
problems. 

therefore may not be par t icu lar ly  appropriate f o r  a detector system of 
maximum sensit ivity.  

outweigh the lower background l eve l  associated with the smaller x-ray counter 
which could be used. 

Venetian blind provides an extended image of an off-axis source. 
a b i l i t y  t o  resolve an extended region during a s ingle  observation i s  desired, 

then the character is t ics  of e i ther  one o r  a nest  of imaging re f lec tors  may 

Consequently, t h e  actual  extent 

A dis tant  point source off-axis by one half  degree would 

No mention has  been made of t h e  crossed Venetian bl ind system ( a  log ica l  
5 

A s  the l a t t e r  type of re f lec tor  has now been success- 
6 

Actually, t h e  crossed Venetian b l ind  h a s  several serious 

It involves two different  re f lec t ions  of the incident flux and 

That  is, t h e  ineff ic iencies  of double ref lect ion may 

Second, and as noted i n  t h e  preceding paragraph, t h e  

If the 

- 10, - 
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I be superior t o  those available from a crossed Venetian bl ind system. 
I 

While no actual  t e s t s  of a crossed-blind arrangement were made during the 
course of t h i s  contract, it seems l i k e l y  t ha t  such a t e s t  would ellminate 
t h e  crossed-blind system from consideration a s  a f l i g h t  instrument. 

I 
t 

I B. Rocket Prototype 
Figure 6 shows a rocket-sized Venetian bl ind flown on September 30, 1 

I 

I 1965. A s  can be seen by inspection of Figure 8 of Appendix A, complete 
instrument redundancy was obtained as t h e  rocket prototype actual ly  involved 

two complete and independent units.  The slats used f o r  t h e  mirror array 
were produced by opt ica l ly  polishing nickel-coated 2.0" x 8.0" x 0.080" 

beryllium plates.  
of the polished surfaces. 
an i n f i n i t e l y  dis tant  ax ia l  source as given i n  Figure 9 of Appendix A, 

i s  reproduced here as part of Figure 7. 

i 

I 
A 200 Angstrom layer of gold was evaporated onto each 

I The calculated efficiency of the collector f o r  

j 
1 

This efficiency was obtained by 

I f inding the  angle of ref lect ion f o r  the midpoint of each slat, determining 
1 t he  re f lec t ion  efficiency of t h e  slat by interpolation of (Rieser's ) data 

l i k e  t h a t  presented i n  Figure 4, and then simply summing t h e  contributions 
of a l l  slats. 
Venetian blind systems where allowance has  been made f o r  the transmission 
of several  gas-counter window materials, and a l so  fo r  conversion of t h e  

collected x-rays by a CsI photocathode. 

I 

t 
Figure 7 a l so  presents the  overal l  efficiency of several 

1 

I 

Close inspection of Figure 6 shows tha t  t h e  polished surface of 
each slat was held tangent t o  the  desired parabola by three spring-loaded 

clamps. 
each complete end of each slat. 

An earlier positioning device was based on a vise-like gr ip  along 
Although care was used in the design of 

I t h e  earlier clamp, t h e  gripping action always caused dis tor t ion of t h e  slat 

I and eventually caused t h a t  clamp t o  be discarded i n  favor of t h e  spring- 
loaded clamp. 

was brought into proper a l ignmnt by simple micrometer measurements made 

w i t h  respect t o  machined parabolic templates. 
by placing a line-shaped l i gh t  source a t  the parabola's focus and observing 
t h e  array of l i nes  emanating from the entrance end of the blind. 

For t h i s  par t icular  blind, t h e  surface of each f la t  slat - 

This al ignmnt was checked 

I 
Very 

I precise  slat  alignment was not required because the f l ight  detector aperture 
was some four times la rger  than t h e  reflected image of a dis tant  point source 

from any single slat. 
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Although the Venetian blind system did yield data, the rocket w a s  
not properly oriented during f l i gh t  and so no x-ray sources were observed. 

I 

I I 

C. Sa t e l l i t e  Applications I 

I 

The conceptual application of simple Venetian bl ind systems is  I 

considered a t  some l e n g t h  i n  Appendix A. 

maximum sens i t iv i ty  i s  desired, and modest angular resolution is  appropriate, 
t h e  Venetian blind appears t o  be a useful device. 

Where observing time is  limited, 
I 

1 4. HIGH SXNSITIVITY lXTECTORS 

A. Arrays of Gas Proportional Counters 
These systems and t h e i r  potent ia l  size and sens i t i v i ty  are dis- 

cussed in Appendix A and so no detailed remarks are made here. However, 
fragmentary information from a complete year 's  monitoring of the gain of 
18 separate g a s  counters of the OAO-A1 x-ray experiment indicates t h a t  the 
counter gains decreased a t  a r a t e  of t h e  order of 3% t o  5$ per year .  

cause t h i s  change is  comparable t o  the e r rors  of t h e  individual gain 
measurements, conceivably no change may have occurred. Although the cause 
of the potential  gain s h i f t  i s  not known, any real change was suf f ic ien t ly  
small that  the f e a s i b i l i t y  f o r  s a t e l l i t e  use of a large aperture array of 
sealed gas proportional counters seems t o  have been successfully demonstrated. 
Indeed, it appears unwise t o  build a large-area gas-counter experiment based 
on geiger rather than proportional region operation i f  suff ic ient  data 

handling capacity i s  allowed t o  permit the available spectral  information 
t o  be acquired. 

Be- 

B. Bare Photocathode Devices 

(1) ~n X-ray Conversion Stage 

The e f fo r t  t o  develop bare photocathode detection techniques 
was made because related detectors were believed t o  be of use i n  conjunction 
with opt ical  collectors of low energy photons, such a s  the Venetian blind 

described i n  the preceding chapter and the x-ray spectrograph t o  be dis- 

cussed i n  t h e  next chapter. 

t ion  is  how t o  e f f i c i en t ly  recognize and detect a small quantity Of X rays 
w h i l e  sirmiltaneously retaining a knowledge of the  i m a s  plane locations 
where these x rays were converted in to  e l e c t r i c a l  signals,  o r  in to  a 
different and more readi ly  measurable form of radiation. 

The fundamental problem in t h e  lat ter applica- 
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1 version procedure f i n a l l y  selected. To be acceptable, t h e  x-ray converter 

assumption was t h a t  t h e  highest  possible conversion efficiency would be of 

was t o  be able t o  resolve of the order of 30 l i n e s  per millimeter. A taci t  

I 

l i t t l e  use i f  the noise leve l  was comparable t o  o r  exceeded the available 
signal level.  A noise leve l  of at  most one-half electron cm" sec-' seemed 

I necessary for  the par t icular  detector application under consideration. 
Since t h e  cosmic ray background of a s a t e l l i t e  experiment i s  anticipated t o  

be of the  order of 1 count cm-2 sec , reduction of photocathode noise much 
below t h i s  l eve l  i s  only worthwhile i f  some sor t  of coincidence arrangement 
i s  u t i l i zed  t o  eliminate unwanted cosmic ray  events. 

of t h e  order of 10 electrons cm" sec'l i s  usually associated w i t h  conventional 
extremely-quiet but visible-l ight-sensit ive photocathodes . 
tube t o  dry ice  temperatures, a tenfold reduction i n  noise can be obtained. 
Unpublished Lockheed data obtained i n  1961 yielded conversion e f f ic ienc ies  
of 5 and 2.5 photoelectrons out of a typical  S-11 photocathode per keV of 
x-ray energy deposited i n  N a I  and CsI sc in t i l l a to r s  respectively. 
the ultimate s i s a l  available from absorption of an individual one-half -keV 

x-ray in an alkali halide s c i n t i l l a t o r  i s  comparable t o  o r  s l i gh t ly  larger  
than the  simal from a single (noise)electron. 
than a f e w  keV, the  r a t i o  of photoelectrons i n  a signal event t o  electrons 
in a noise event i s  suf f ic ien t ly  large tha t  the e f f ec t s  of individual x rays 

-1 

1 

I Considering the scintillator-phototube combination first,  a noise level 
1 
I 

By cooling the  

t 
i Therefore, 

I 
I 

For x-rays more energetic 
I 

I 
I may be rather eas i ly  recognized. However, where long integration times are 

required t o  observe very weak x-ray fluxes, the  cumdative e f fec t  of noise 
events could st i l l  effect ively mask the desired signal events. 
conversion of many x-rays of a given low energy i s  a s t a t i s t i c a l  process 

involving Poisson rather  than Gaussian s t a t i s t i c s ,  unambiguous elimination 
of noise events from a small rimer of signal events i s  quite d i f f i cu l t .  

1 As t h e  

I 

I 

I These considerations lead t o  t h e  current re ject ion of a scintillator-phototube 

arrangement for  converting x-ray information in to  recorded signals. 
new techniques a re  developed t h a t  would considerably simplify use of 

If 
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appreciably cooled photocathodes in a s a t e l l i t e  environment, then t h e  

use of s c in t i l l a to r s  would be reconsidered, although a rocket tes t  of an 
x-ray spectrograph might not involve use of such a phototube. 

An al ternate  means of converting the x-ray image would be t o  employ a 

By cooling the mosaic t o  l iqu id  nitrogen mosaic of so l id  s t a t e  detectors. 
temperatures (and applying suff ic ient  voltage t o  permit multiplication i n  
a manner analogous t o  tha t  i n  a gas counter), photons of the order of 0.5 
keV have beer, observed. 

spa t i a l  resolution or simplicity of operation can be obtained t o  permit use 
of such a mosaic f o r  the detection of quite small numbers of low energy 
x-rays on a long-lived s a t e l l i t e .  
process and the - 3 eV per electron-hole-pair of so l id  s t a t e  devices provides 
an inherent l i m i t  of about ten percent (full width a t  half maximum) t o  the 
resolution of x-ray energies near 1 keV. 
s t a t e  detector cannot obtain 1% energy resolution f o r  t h e  range of x-ray 
energies of in te res t  here. 
seems poorly suited t o  t h e  role of the primary detection element i n  an x-ray 

spectrograph designed f o r  0.2 - 3 keV x-rays. 

However, it is  not yet c lear  whether suff ic ient  

The s t a t i s t i c s  of the x-ray absorption 

Therefore it is  clear  t h a t  a so l id  

While t h i s  type of device has  obvious uses, it 

The t h i r d  conversion device considered was based on an array of bare 

tubular, o r  mesh-type, multipliers. Although the desired spa t i a l  resolution 
probably could be attained, the noise problems associated w i t h  t h i s  type of 

x-ray conversion appartus are believed t o  be comparable t o  (or  only s l i gh t ly  

less severe than) those of the scinti l lator-phototube arrangement. 
addition, many individual elements must operate properly and the walls of 
t h e  elements a re  finite and so reduce the available aperture (and therefore 

the effective efficiency) of the conversion stage. 
combination of seemingly undesirable features eliminated t h i s  type of device 
from contention f o r  t h e  in i t ia l  stage of the x-ray image amplification system. 

A spark chamber was a lso  considered as a conversion system, because 

In 

The presently unavoidable 

of i t s  obvious simplicity i n  terms of a d i g i t a l  output and because the 

output Signal amplitude could be v i r tua l ly  independent of the energy of 
t h e  x-ray detected. A s  it appeared quite d i f f i c u l t  t o  get very sof t  
(- 1/2 keV) X rays into such a chamber, t h i s  type of apparatus did not 
appear convenient f o r  an x-ray conversion stage. However, it 
t h a t  W t h e r  development of spark chambers, l i k e  t h a t  of LanSiart e t  al. , 

w e l l  be 
a 
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w i l l  eventually lead t o  a suitable device fo r  recording an accelerated- 
photoelectron image derived from t h e  i n i t i a l  x-ray information. 

The remaining conversion procedure t o  be discussed appears t o  be 

the arrangement which best surmounts all of t he  relevant problems known 

a t  t h i s  time. 
high-work-function photocathode having a noise leve l  of 5 1 electron 

-2 -1 cm sec . Conversion efficiencies f o r  SrF2 and C s I  photocathodes 
have been measured by Lukirskii e t  al. " lo and are given i n  Figure 8, 
as e i ther  of these materials might yield a suitable photocathode. The 

photoelectrons are accelerated i n  an e lec t ros ta t ic  f ie ld  and produce a t  
t h e  anode a two dimensional image of the photocathode's information. 
must be remembered t h a t  t h e  distribution i n  energy of a large number of 

photoelectrons produced by a monochromatic beam of photons will contain 
some electrons nearly as energetic as t h e  input photons. A t  the  higher 

photon energies (of several keV) such an ef fec t  might be expected t o  
provide a fundamental l imitation t o  the spatial resolution obtainable 
i n  the image of a bare-photocathode x-ray converter. The sens i t iv i ty  

of an actual  detection element is  determined by the largest converter 
area t h a t  might be used f o r  a single resolution element. For reasons 
t o  be discussed more fully i n  t h e  next chapter of t h i s  report, t h e  

maximum area of a resolution element i s  here taken t o  be 1/2 mm x 2 mm = 

0.01 cm . 
an average noise leve l  as high as some twenty spurious counts per 
resolution element per 2000 seconds. 

element corresponds t o  t h a t  extent of image plane appropriate fo r  300 ev 
photons dispersed by a 2.5 meter long spectrograph like t h a t  discussed 
in the  next chapter. 
rapidly Changing spatial resolution requirement as a function of photon 
energy. A s  a result, a minimum-area spectrograph resolution element is  
twenty times smaller than the  0.01 cm jus t  considered and would present 
t he  other  extreme of photocathode noise level, amounting t o  only 1 noise 
electron per 2000 seconds per resolution element. A t  one of these extremes 

of resolution element size, spurious counts from primary cosmic ray effects 

may be comparable t o  the  spurious counts from the  photocathodes noise.) 

In t h i s  arrangement, x rays e j ec t  photoelectrons from a 

It 

2 Consequently, an x-ray-converting photocathode could have 

(This par t icular  size of resolution 

Figure 17, i n  the next chapter, a lso reveals a 

2 
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(2) A Rocket Test Unit 
Figure 9 shows one version (used on the September 1965 f l i g h t  

of NASA Aerobee 4.121) of a bare photocathode detector t h a t  was modeled 

after the  system shown schematically i n  Figure 2. 
not yield an image of the incident x-rays, it did col lect  most a l l  
photoelectrons t o  a single electron detection element. X-rays entered 
t h i s  detector through the  rectangular gridded-aperture a t  the  l e f t  of 
the  figure,  the  gr id  being used t o  isolate  the photocathode from t h e  

plasma surrounding t h e  detector. After f i l t e r i n g  by several th in  

aluminized p l a s t i c  films (also shown a t  the l e f t  of t h e  figure), x-rays 
were allowed t o  enter t h e  e lec t ros ta t ic  focusing structure (shown at the 
right of the  figure) and shine on a photocathode a t  the  base of t ha t  
structure.  
multiplier si tuated a t  the apex of the focusing structure. 
operation was successful, no u s e m  flight data were acquired because the 
detector never outgassed sufficiently.  

While t h i s  un i t  did 

The resul tant  photoelectrons were accelerated t o  a tubular 
While laboratory 

(3)  AII W g e  Amplifier 

One par t icular  image amplifier based on the  bare photocathode 
principle i s  shown schematically in Figure 10. 

of adding a conventional single stage image in tens i f ie r  t o  an x-ray con- 

version stage t o  t r y  t o  bring the resultant image up t o  a brightness level 
more appropriate fo r  photographic recording. 
stage i s  near unity. 
fo r  f i lm recording the results of a rocket experiment, t h e  two-stage 
un i t  could be a basic ingredient o f  e i ther  a rocket o r  a satellite 
experiment . 
is  necessary, but was not obtained as only a portion of t h e  funds or iginal ly  
requested f o r  t h i s  f e a s i b i l i t y  study were made available. 
experience could lead t o  combining the conversion stage with a fundamentally 

d i f fe ren t  type of amplifying and/or recording system (such as a spark 
chamber) . However, and a t  t h e  very leas t ,  the procedure suggested by 

Figure 10 i s  so straightforward tha t  such a device could probably be flown 

on a rocket within a few years. 

This device is the  result 

The magnification of each 
Although a three-stage device seems t o  be required 

Considerable fur ther  experience w i t h  t h i s  type of apparatus 

Conceivably t h i s  

11 In the photon sc in t i l l a to r  developed by Rome, Gauthier, and Clausse , 
t he  high work function of C s I  was found t o  r e s t r i c t  the photocathode's noise 
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15" TO 20" 

K L  

STAGE-I 

NOMENCLATURF: 

A.  C s I  photocathode G. Fiber opt ics  interstage coupler, 
Bo Cylindrical focus electrode 
C. Anode 

D. Electron converter 
E. Fiber opt ics  interstage couplera 

F. Entrance aperture and snout L. Fiber opt ics  

may be in tegra l  with Item E 

H. S-20 photocathode 
I. Cylindrical focus electrode 
J. Anode 

may be integral  with Item C K. P-11 phosphor 

Fig. 10. Schematic of components of a two-stage image amplifier which 
might be used as par t  of the detector for  the x-ray spectrograph 
discussed i n  the next chapter. 
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-2 -1 l eve l  t o  - 1/2 electrons cm sec . As the x-ray conversion stage of Figure 
10 merely substi tutes a more accurate focusing f ie ld  fo r  the simple col lect ing 
f ie ld  of the photon sc in t i l l a to r ,  presumably t h e  low noise l eve l  inherent 
t o  t h a t  device should be retained i n  the two-dimensionally-focussed x-ray 
converter . 

To better understand t h e  operation of t h i s  type of image amplifier, 
consider the components of the structure presented i n  the figure. 

a modest s p a t i a  resolution (amounting t o  a resolution a t  element L of some 
1 t o  30 l i nes  per mm) i s  required, readi ly  available f iber  opt ics  can be used 
t o  couple t h e  x-ray conversion 
Upon being released by element A of t h e  conversion stage, individual photo- 
electrons are accelerated t o  say 10 keV and then allowed t o  strike either 

a phosphor o r  a s c i n t i l l a t o r  (element D).  Photons from t h i s  material a r e  
i n  tu rn  converted t o  photoelectrons by a visible-l ight-sensit ive photo- 
cathode (element H) . 
electron from the x-ray converter could yield up t o  30 photoelectrons from 
the visible-l ight-sensit ive photocathode (element H) . T h i s  assumes t h e  

photoelectron’s energy is  converted by element D t o  3 ev photons w i t h  an 
efficiency of lo$ and tha t  these photons a re  in turn converted by element 
H t o  photoelectrons w i t h  an efficiency of lo$. After acceleration t o  10 keV, 
each photoelectron from element H might release some 300 vis ib le  photons 
from the output phosphor, element K. 

system would yield some 9000 vis ib le  photons at  the output phosphor per 
electron from the x-ray photocathode. 

having fiber opt ics  a t  both input and output surfaces i s  t h a t  the overal l  gain 
of a tube might be halved. 

photons wauld be available a t  the output surface of the image amplifier 
shown i n  Figure 10, per electron from photocathode element A. 

A s  only 

stage t o  the second o r  image-intensifying S t a s .  

Because of t h e i r  10 keV energy, each accelerated photo- 

Consequently, an ideal two stage 

Experience of others  with in t ens i f i e r s  

Under these circumstances, only sone 5000 v is ib le  

According t o  Reynolds12, some 200 visible photons are  needed t o  produce 

a developable grain in a fast photographic emulsion. 
photons produced by each x-ray detected w i l l  produce N 25 grains i n  an emulsion. 

A s  t h e  maximum s ize  of a resolution element a t  t h e  x-ray conversion stage 
i s  assumed t o  be - .01 cm2, and the  image amplifier has uni t  magnification, 
each converted x-ray w i l l  yield a t  least 25 developable grains per .01 cm of 

emulsion. 

correspond t o  - 10 grains per .01 cm (cf Reynolds’’). Therefore a t  least 40 

Therefore t h e  5000 

2 

For a density of 0.1, the background fog i n  t h e  emulsion mY 
5 2 
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2 converted x-rays per .01 cm resolution element are required t o  have a 

signal t h a t  is  three standard deviations above the emulsion's background 
fog. If an additional stage of image intensification h d  been employed, 

2 only 1 o r  2 converted x-rays per -01 cm resolution element would have been 
required fo r  a significant signal. 
appears sui table  i f  the e f fec ts  of (nearly) individual x-rays are t o  be 

observed. 

Consequently a three stage image amplifier 

In  order t o  t e s t  t h e  above assumptions, a small mount of laboratory 
t e s t ing  of image amplifier components was done under t h e  contract. 
t h e  basic  ingredients of t he  x-ray conversion stage of Figure 10 is  the 
e l ec t ros t a t i c  f i e l d  structure.  
t he  shaped f i e l d  was provided by an adaptation of one of t h e  Rauland Corporation's 
standard image intensif iers .  This structure i s  shown i n  Figure ll. The 

section of t h e  tube which normally contains t h e  photographic p la te  has  been 

removed, t h e  dome-shaped photocathode surface has  been made detachable, 
and the  conventional visible-light-sensitive phosphor has been omitted. 
rectangular aperture cut in t h e  side w a l l  of t h e  tube permitted x-rays t o  

shine d i r ec t ly  onto the photocathode, which was located near the  center 
of the curved dome a t  t h e  left of t h e  picture. A complete laboratory conversion 
stage was obtained by addition of 1) an x-ray converter t o  the  dome-shaped 
photocathode and 2) a photographic plate i n  t h e  tube 's  image plane. 

One of 

For the preliminary x-ray converter t e s t s ,  

The 

This laboratory apparatus was made i n  such a manner as t o  allow a phosphor 
plus  fiber-optics-light-coupler t o  eventually be substi tuted f o r  t h e  

photographic plate, as t h i s  arrangement would preserve t h e  x-ray photocathode's 
spatial resolution a t  the  input of a conventional image intensif ier .  A 

two-stage magnetically-focussed intensif ier ,  equipped with fiber optics 
a t  input and output surfaces, was purchased on the contract in order t o  have 

a complete image amplifier system. 
and were t o  be capable of resolving 30 l i n e s  per millimeter (corresponding 
t o  the  smallest resolution element of the  spectrograph described in  the next 
chapter). 

equal t o  one-half t h e  gain quoted f o r  t h e  tube without f i b e r  optics. 
t o  a nuniber of manufacturing problems, the tube's delivery date was shifted 

some six months and it i s  now scheduled t o  arr ive a t  least several weeks 
after expiration of t h e  present contract. 

image amplifier system were carr ied out. 

The fiber opt ics  were unclassified 

The overal l  gain of the RCA tube was anticipated t o  be - 1000, 

Due 

A s  a result no tests of a complete 
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However, the one t e s t  of crucial importance t o  the image amplifier 

concept discussed above was performed. This t e s t  was made t o  es tabl ish the  

va l id i ty  of the low-noise x-ray conversion stage; the r e su l t s  are presented 

i n  the next chapter. 
Use of a photographic emulsion a t  t h e  f iber-optics output of a three 

stage imge amplifier l i ke  t h a t  of Figure 10 i s  only warranted i f  the fi lm 

can be retrieved. 
two-stage image amplifier shown i n  the  figure m i g h t  provide i t s  information 

t o  a vidicon. 

For an unmanned Orbiting Astronomical Observatory, the  

5 .  MEDIUM RESOLUTION (- l$) SPECTROGRAPH 

A. Spectrograph Components 
Figure 1 2  is  a current version of Figure 2 (b) and schematically 

i l l u s t r a t e s  the spectrograph which is being designed fo r  examination of 
very weak fluxes of approximately 0.2 t o  3 keV x-rays. Although only a 
single Venetian blind is  necessary, two complete instruments are shown 
in t h e  figure. 
e f f ic ienc ies  can be real ized with two (instead of one) Venetian blinds. 

follows from the permitted reduction i n  angle of incidence. 
configuration i s  properly chosen, a t  the higher photon energies each of 

the two Venetian-bltnd un i t s  can provide an Fmage which has greater 
contrast  (signal t o  background) than that  obtainable from a single Venetian 
bl ind of double t h e  entrance dimension. 
use of different  Z materials f o r  each of t h e  two  sets of re f lec t ing  and 
d i f f rac t ing  surfaces, and should permit a l lev ia t ion  of some of the 

d i f f i c u l t i e s  introduced by the  m i a t i o n  of absorption coefficients discussed 
below. An abstract  announcing the potential  of t h i s  type of spectrograph 

is  given i n  Appendix B, along w i t h  a schematic of t h e  spectrograph's x-ray 
optics.  
t he  spectrograph might a l so  be of use in searching f o r  x-rays associated 
with so l a r  streamers and i n  improved quality studies of known solar  x-ray 

phenomena. 
dispersed by a curved grating, which might have t o  be fabricated as a 
mosaic of individual diffract ion gratings. Tbe resul tant  spectral l i n e s  

would be shortened in the dimension parallel t o  the grating rulings by a 
Venetian blind, which i s  composed of a n e s t  of parabolic mirrors similar 
in fnlm. to t h e  collector discussed in  Chapter 3 and shown in i n i t i a l  form 

For a given available geometric aperture, greater re f lec t ion  
This 

If t h e  actual  

This dupl ic i ty  permits convenient 

In  addition t o  the  stellar x-ray measurements listed in the abstract ,  

Radiation from a d is tan t  angularly s m a l l  source would be 
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by the x-ray opt ics  portion of Figure 6 0  

line-shaped x-ray b a g e  which i s  converted t o  a line-shaped v is ib le  l i g h t  
image by the first stage of the image in tens i f ie r  discussed in  Chapter 4 
and shown schematically in Figure 10. 

would produce a t o t a l  of four spectra, only two of these have been shown in 
the  figure. 

and would be produced by rays incident on t h e  unused ( in  the f igure)  portion 

of the spectrograph's entrance aperture. 
still t o  be described is  the energy dispersing element. 

t h i s  report deals w i t h  the theoret ical  design of t h i s  element, cal led a 

grating mosaic, and is  followed by a description of the laboratory measure- 
ments which ver i f ied the x-ray optic concepts. 

The combined opt ics  produce a 

While t h e  components shown i n  Figure 12 

The other two spectra would be adjacent t o  the  pa i r  shown, 

The only spectrograph component 
The next part of 

B. Resolution of an Idealized Grating Mosaic 
The formula which describes diffraction from a plane grating i s  

- nX = cos @ - cos Y, where (5-1) d 

n = order of the spectrum, 
d = spacing of ruled grooves, 
@ = grazing angle of incidence, 
1 = wavelengbh diffracted, and 
Y = grazing angle of diffraction. 

Most spectrographs r e l y  on a single value of groove spacing and different  

wavelengths are observed a t  different  angles of diffraction. Cornu showed 

t h a t  by varying the groove spacing across t h e  grating surface, diffracted 
rays of a single wavelength couldbe brought t o  a focus. I n  January 1963 
a grating was proposed which would bring each of two wavelengths t o  separate 
foci .  
with variable spacing. The e f fec t  of curvature can be inserted i n  equation 

5-1 by requiring the f la t  ref lect ing surface between successive grating 
grooves t o  be t i l t e d  a t  successively greater angles 6 with respect t o  t h e  

surface between the i n i t i a l  pair  of grooves. 

This was t o  be accomplished by introducing curvature t o  the grating 

Figure 13 indicates the relat ion of the pertinent grating-mosaic 

variables by means of three individual re f lec t ing  surfaces of t h e  grating 
and rays of the two wavelengths selected fo r  perfect focusing. Images of 

the latter are a pa i r  of para l le l  l ines  perpendicular t o  the plane of the 

paper; these l i n e s  may be used t o  define an image plane. 
these twr, wavelenehs are actually i n  focus i n  the image plane, there is 

Although only 
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only a small spread of wavelengths reaching any s imilar ly  oriented 
intermediate l i n e  on t h i s  plane. O f  the similarly oriented l i n e s  i n  
t h e  remainder of the image plane, only those quite near the two  f o c i  can 
be associated w i t h  a suitably small spread of wavelengths. 
f o r  the change of grating characterist ics,  equation 5- lbecoms:  

Upon allowing 

nA - = cos (Go + s,> - cos (tan-' y - 6,) , where (5-2) 
x -x 

S 
dx 

= grazing angle of incidence re la t ive  t o  the x axis 
*O 

6, 

dx = spacing of ruled grooves a t  position x, 

= tilt of elemental grating a t  posit ion x, 

y = position of diffracted beam i n  image plane, 
x = overal l  length of spectrograph, and 

x 
S 

= position along grating where diffract ion i s  being 
considered. 

The remaining symbols are ident ical  t o  those used i n  equation 5-1. 
formula describes diffract ion from a continuous grating like t h a t  suggested 

in Figure 13 when t h e  image plane i s  normal t o  the  x axis ( 9  = 90') and a l l  

re f lec t ing  elements of the  grating touch the straight, base l i n e  defined by 
t h e  x axis. 
are spaced a t  progressively fur ther  distances from the base l ine ,  t h i s  

spacing being defined by the quantity z i n  the figure. 

spacing i n  equation 5-2, t h e  quantity y must be replaced by y-z. 

Th i s  

Figure 13  indicates tha t  t h e  lands between pairs of grooves 

To allow for  t h i s  

A grating 

mosaic i s  designed by determiningthe variation of dx, tjx, and z, with  x 
f o r  a given spectrum order and angle of incidence. 
a b i l i t y  i s  completely defined by solution of the pair of simultaneous 
equations which are available from t h e  requirement t h a t  equation 5-2 must 
be valid a t  each of the two wavelengths selected f o r  perfect focus a t  two 
selected points on t h e  image plane. Appendix C i s  a l i s t i n g  of t he  computer 

program which has  been used t o  investigate t h e  design of an idealized 

grat ing mosaic. 

The mosaic's dispersing 

All of the calculations c i ted  i n  t h i s  report assume resolution problems 

a r i s i n g  f romthe  natural  width of a spectrum l i n e  are negligible. 
laboratory measurements of ground-level t rans i t ions  of low atomic rimer 

As 
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elements yield typical  l i n e  widths  of t h e  order of 1% i n  energy, much 

be t t e r  instrumental resolution would be of l i t t l e  use. 
specification used here refers  only t o  instrumental effects .  
whether a par t icular  mosaic i s  capable of yielding the desired energy 
resolution over a reasonable energy interval ,  equation 5-2 must be solved 
(for  several a r b i t r a r i l y  selected positions in the image plane) f o r  a var ie ty  
of wavelengths. 
determining what wavelength will reach a given image plane l i n e  a s  a function 
of where on t h e  grating the diffract ion occurred. 
x-ray spectrum, the  calculation yields both the maxhm spread of photon 
energies and t h e  mean photon energy reaching a given image plane l i ne .  
the r a t i o  of these two quantit ies i s  a measure of the energy resolution tha t  
a given grating can achieve, in t h i s  part of the report  t h a t  r a t i o  is labeled 
as a spectral  impurity. 
of idealized gratings were not suf f ic ien t ly  comprehensive t o  yield a well- 
defined energy resolution. 

The 19 resolution 
To determine 

The computer program given a s  Appendix C does t h i s  by 

Assuming a f la t  incident 

While 

This nomenclature i s  used because t h e  calculations 

Figure 14  presents sow typ ica l  results of t h i s  type of calculation. 
The curves labelled C and D i n  the figure indicate the results obtainable 

when a grating designed f o r  use with x rays incident a t  an angle of 1.5' is 
actual ly  used under these conditions. 

does ex i s t  near the photon energies of 0.6 and 2.4 keV, which were selected 
f o r  perfect focus. 
photon energies i s  a l so  apparent. 
focus had been more nearly equal, the spectral  impurity at  intermediate 

energies could have been reduced. However, t h a t  improvement would have 

been obtained a t  t h e  expense of degraded behavior a t  other more extreme 
energies . 

The ant ic ipated good performance 

The rapid degradation of performance a t  more extrem 
If the two energies chosen f o r  perfect 

The two dashed curves label led A and B in Figure 14 show t h e  degradation 

of performance which would have occurred if the grating had been designed f o r  
use a t  angle of incidence of 1.5' but ac tua l ly  was used a t  an a n a e  of 
incidence t h a t  was larger  by 1 min of arc.  
i s  suff ic ient ly  severe t h a t  the grating could only be used if it Can be 
accurately pointed ( t o  about 1 m i n  of a r c )  a t  a very small o r  point source. 
To suitably r e s t r i c t  t h e  range of angles of incidence and so r e t a in  a h i@ 

Degradation of spectral  pur i ty  
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spectral  resolution for  a source larger  than several minutes of a r c  i n  
diameter, a Soller s l i t  would be required a t  the entrance t o  the grating. 

Comparison of curves B and D t o  curves A and C of Figure 14 shows the  

reduction of spectral  Fmpurity t h a t  can be obtained by reducing the overal l  
grating length by a factor  of two. 
improved by decreasing t h e  re la t ive  extent of the grating, t h e  largest 

possible grating area i s  required i f  t h e  highest possible sens i t iv i ty  is  

t o  be attained, 

Although the spectral  pur i ty  can be 

C. Resolution of a Pract ical  Grating Mosaic 
The idealized s i tuat ion which underlies the r e su l t s  presented in 

Figure 14 may not be achievable i n  practice if t h e  groove spacing d, and tilt 
angle 6, are not continuous variables. 
may have t o  be constructed from an array of individual elements each of 
which has  only a single value of groove spacing. Therefore a series of 
calculations was carried out t o  evaluate t h e  influence exerted on t h e  

mosaic's energy resolution by other character is t ics  of the grating, and the 
resolution i t s e l f  was more caref'ully determined than in the case of the 
idealized mosaic just  discussed. 

It seems l i k e l y  t h a t  an actual  grating 

Although the su i t ab i l i t y  of a large area array of f la t  grating 
elements has been considered, the quantization of both groove spacing and 
tilt angle which ex is t s  in  such an array i s  suff ic ient  t o  prevent the desired 

resolution from being attained. A s ignif icant ,  though s t i l l  insuff ic ient ,  
improvement i n  resolution was found t o  occur when several different  groove 
spacings were used on each grating element having a single tilt angle. A s  

the best  way t o  achieve the desired large-area good-resolution grat ing i s  
t o  u t i l i z e  curved (concave) grating elements, the computer program l i s t e d  

i n  Appendix D was written t o  include the e f f ec t s  of curved grating elements. 
Because of the more comprehensive calculations performed, the  

behavior of the mosaic can be described in  terms of an approximate resolution 
rather than  the spectral  impurity previously used. 
found by accounting f o r  t h e  var ie ty  of wavelengths d i f f rac ted  t o  a given 
l i n e  i n  the image plane from successive portions of t h e  grating, Just  as 

had been done fo r  t h e  idealized mosaic with continuously variable groove 
spacing. 

elements, and determining the number of elements which would d i f f rac t  

T h i s  resolution was 

By dividing t h e  complete grating mosaic in to  several hundred 
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photons i n  a given wavelength in te rva l  t o  a given image plane position, 
dis t r ibut ions of t he  re la t ive  number of rays diffracted in to  severalwave- 

length intervals  versus wavelength were obtained. 
approximate resolution f o r  a typical  grating as determined by such calculations. 
While a continuous variation of resolution with photon energy exists, the 
principle concern here was a determination of the  photon energy interval  

within which a resolution - 200 could be obtained. 
h igh  resolution portion of the three Figure 15 curves has been omitted i n  
t h e  figure. 
average photon energy i n  the  distribution a t  an image plane l i n e  divided by 
t h e  spread of photon energies which embraces two t h i r d s  of a l l  rays diffracted 
t o  t h a t  l ine.  For the  results given i n  Figure 15, the mosaic was considered 
t o  have 64 elements possessing different  radii of curvature and each element 
was ruled w i t h  three different  values of groove spacing. 
program used t o  obtain these results assumed tha t  z (see Figure 13) was 

equal t o  zero. 
l i ne ,  then one grzting element might par t ia l ly  shadow t h e  next grating element. 
Although the aperture of the grating mosaic m i g h t  be reduced, energy resolutions 
calculated wi th  t h e  a i d  of Appendix D are valid. It should be noted tha t  

the elemental gratings were or iginal ly  considered t o  be composed of plane 
segments, each possessing a single value of tilt angle. 
radius of curvature of each element was determined by finding t h e  in te r -  
section of the l i nes  normal t o  the centers of the  first and last pa i r  of 
plane segments of each grating element. 

Figure 1 5  summarizes the 

Consequently, t h e  

Approximate resolution i s  defined here as the  r a t i o  of the  

The computer 

If a l l  the grating's ref lect ing surfaces touched the base 

Consequently, the 

D. A Pract ical  Grating Mosaic 

A resolution as high as 200 was sought i n  most of the  grating's 
intermediate energy range i n  order t o  leave some margin of e r ror  fo r  
imperfect construction of an actual  mosaic. 
t ha t  have been calculated usually do not a t t a i n  t h i s  resolution throughout 
the desired range but appear t o  be adequate throughout a reasonable energy 

interval. Therefore t h e  mosaic whose resolution i s  indicated by Figure 15 
would be adequate f o r  a f l ight  spectrograph. The behavior shown i n  t h e  

figure seems t o  r e su l t  from a nearly constant wavelength interval  being 
required t o  encompass two-thirds of the photons arr iving a t  a single image 

plane l i ne .  

l o w  photon energies. 

The approximate resolutions 

Consequently, t h e  resolution is  best f o r  a range of r e l a t ive ly  

Figure 1 6  gives the approximate variation with posit ion 
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along the grating, x/xs, of groove spacing, tilt angle, and radius of 
curvature, (expressed i n  uni t s  of xs) of t h e  mosaic whose approximate 

resolution is  given by Figure 15. 
array i s  actually a se t  of many discontinuous elements and these dis- 

continuities have been smoothed over i n  the figure. 

reference plane (y = 0, when 0 = 90') of diffracted photons of various 
energies is  given by Figure 17. 

The variations are not precise because the  

The location off the  

While the r e su l t s  of Figures 1 5  through 17 do indicate t h a t  a suitable 
spectrograph can be designed, not a l l  of the parameters used i n  understanding 

the behavior of the idealized mosaic have been allowed fo r  in these Calculations. 
In  particular,  the computer code of Appendix D does not calculate Values of 

t h e  quantity z shown i n  Figure 13.  
grating computations showed tha t  about the same spectral  impurity occured 
when different z were allowed fo r  a s  when a l l  z were s e t  equal t o  zero. 
That s i tuat ion i s  believed t o  a l so  e x i s t  here. 
of the grating mosaic has been f a i r l y  correctly assessed, the precise 
shape of t h e  actual grating s t i l l  must be specified. 
of a computer program which would include such second order e f f ec t s  3n t h e  

code of Appendix D have been considered, the results of Figures 15 through 17 
were obtained without these additional refinements and so must be considered 
of a preliminary nature. 
curvature being a discontinuous function of posit ion along the  grating would 

be reduced as well as those e r rors  which m i g h t  be traced t o  the diffracting 

surfaces a l l  being tangent t o  the base l ine .  
So far,  no r e su l t s  have been discussed f o r  image planes oriented 

a t  other than 90' t o  t h e  base l ine .  
with image planes t i l t e d  a t  angles of 45' and 135' t o  the reference plane 
(y = 0) and the results indicate an energy resolution comparable t o  t h a t  
fbund f o r  an orientation of 90". 
deformation of the shape of the image plane has been attempted here, and 

no consideration has y e t  been given t o  the (poten t ia l )  blaze of the grating. 
About a one percent spread i n  photon energy is  inherent i n  t rans i t ions  
involving the K she l l  of a low Z elements and t h i s  na tura l  line width  

has been consistently neglected i n  the  calculations.  Finally, it mY 

be worth noting tha t  t h e  0.2 t o  3 keV e n e r a  in te rva l  should be quite 
f ree  of mixed f irst  and second order spectra. 

Experience w i t h  results from the idealized 

Therefore while the performance 

While the  rudiments 

In actual practice,  e r rors  a r i s ing  from t h e  grating 

A few calculations have been made 

No improvement of resolution via 
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E. Es t imted  Efficiency of a Pract ical  Grating Mosaic 
The immediately preceding discussion has been primarily devoted 

t o  describing t h e  design of a grating mosaic possessing desirable energy 
dispersing properties. 
grating must possess a reasonably high diffract ion efficiency. 
a t  an optimum efficiency, t h e  various permissible orders of diffract ion,  
the c r i t i c a l  wavelength of the diffract ing material, t h e  absorption 
coefficient of the diffract ing material, the shape of t h e  ruled grooves, 
and t h e  effects  of blaze of the grating, must a l l  be considered and properly 
allowed for .  

In  addition t o  dispersive ab i l i t y ,  a useful 
To arr ive 

All the preceding results have assumed t h e  spectrum in t h e  first 
However, calculations and measurements outside order was t o  be examined. 

of L u k i r s k i i  and Savinov13 show tha t  fo r  a given angle of incidence, a 
greater diffraction efficiency can prevail  i f  the r e l a t ive ly  shorter wave- 
lengths are observed i n  t h e  f irst  inside (rather than first outside) order. 
The f irst  inside order would appear between t h e  zero order spectrum and the 

grat ing 's  surface. 
available v ia  use of inside orders has  not been considered worth the  hazard 
of the greater scattering e f f ec t s  which might be anticipated. 

a quantitative measurement of these scat ter ing e f f ec t s  can be made, t h i s  

may only be meaningful fo r  gratings of an ac tua l  f l i g h t  mosaic. 

To date, the improvement of diffract ion eff ic iency 

Although 

It i s  assumed here t h a t  a necessary, though not suff ic ient ,  
condition f o r  obtaining a h igh  diffract ion eff ic iency i s  t h a t  t h e  angle 
of incidence be res t r ic ted  t o  a value smaller than the c r i t i c a l  angle. 
A large c r i t i c a l  angle is  obviously beneficial  as the  e f fec t ive  aperture 

of the mosaic i s  d i rec t ly  proportional t o  the angle of incidence, which 
is  limited by t h e  c r i t i c a l  angle permissible. 

are associated with grating surfaces of high-density high-2 materials. 
The c r i t i c a l  wavelength for  t h e  outside orders can be calculated as a 

function of angle of incidence and groove spacing by using a formula 
for  t o t a l  external ref lect ion c i t ed  by Sprague, Tomboulian, and Bedo 

Large c r i t i c a l  angles 

14 

- (1 - cos @) = 0, where (5-3 1 2 
6 Xc - n hc - 

d 



i 

Q. = grazing angle of incidence, 
d = groove spacing, 

= c r i t i c a l  wavelength, 
I C  

n = spectrum order (+1 f o r  the first outside order), and 
6 = (1 - index of refraction) / (wavelength) 2 

- - p e* where p is the number of r e l a t ive ly  free 
2n mc2 electrons per un i t  volume. 

The quantity 6(wavelength)L i s  photon energy dependant so tha t  

accurate evaluation of equation 5-3 is  d i f f i cu l t ,  
could w e l l  be e r rors  in t h e  f e w  existing experimental values of 6 a t  very 

low photon energies t ha t  are  traceable to  contamination of the ref lect ing 
surface by foreign (low Z a i r )  atoms. 

In addition, there 

Interpolation of results of 
Luk i r sk i i  e t  ale2 and Hildenbrand (cf Cosslett and N i x o n  1 5  ) f o r  gold 

surfaces, and allowance f o r  discontinuities at  the  N I1 and N I11 absorption 
edges of gold, leads t o  the curves shown i n  Figure 18. 
photons incident a t  grazing angles of incidence of 1.5' and 2.5' on gold- 
coated diffract ion gratings. 

photons less energetic than (the absorption edges near) 0.3 keV. 

region below each curve indicates the  circumstances required f o r  e f f i c i en t  
diffract ion,  greater efficiency being obtainable a t  photon energies 
s ign i f icant ly  below the relevant curve. 
t o  Figures 18 and 19 indicate t h a t  equation 5-3, which specif ies  conditions 

fo r  high - ref lect ion efficiency, i s  only a rough guide t o  t h e  highest energy 
photon which might be diffracted under given conditions. The run of photon 

energies diffracted in to  t h e  first inside order could a l so  have been given 

in t h e  figure. 

less energetic than a given l imit ing value, either a small angle of 

incidence on a r e l a t ive ly  sparsely ruled grating, or  a s l igh t ly  larger  
angle of incidence on a more f inely ruled grating, was permissable. Because 

of the poten t ia l  background from scattering mentioned earlier, and a concern 
over t h e  detai led shape of the grating surface, e f f o r t  so far has been 

directed toward use of outside orders and sparsely ruled gratings. 

The curves are f o r  

A s  few data ex is t ,  no curves are given f o r  
The 

Measurements like those re la ted  

It would then have been apparent t h a t  t o  d i f f r ac t  photons 

Experimental ver i f icat ion of the discontinuities which can occur 
near absorption edges of a grating mater ia l  i s  given in Figure 19. 
f igure shows the r a t i o  of t h e  intensi t ies  of t h e  zero and first order 

This 
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Fmages as  determined by 1963 measurements i n  t h i s  laboratory of mono- 
chromatic photons incident a t  a grazing angle of - 4' on a grating 
advertised t o  be of the Siegbahn (or non-blazed) type. 
near the  oxygen K-edge arises because of the oxygen in the glass (i.e. 
s i l icon dioxide) grating. 
and was part of a "Rowland circle"  monochromator described by Fisher, 
Kirkpatrick, and Meyerott16. 
f'unction of both  angle of diffract ion and photon energy, a thin-window 
gas f l o w  proportional counter l i ke  t h a t  described by Fisher e t  al.  

being used f o r  the l a t t e r  measurement. 
points are arithmetic e r rors  resul t ing from simply averaging the  results 
of four t o  f ive  experimental determinations of each datum. 

few photon energies were used, the r e su l t s  for  the two grating or ientat ions 
are  given as a pair  of l i ne  segments covering photon energies on either 

side of the discontinuity from t h e  oxygen absorption edge. 

i n  Figure 19 a lso  show t h a t  the grating was i n  f ac t  blazed, and t h i s  
evidence was corroborated by the electron microscope picture of the 
groove prof i les  shown i n  par t  (b) of Figure 19. 

The discontinuity 

The grating had a one meter radius of curvature 

Dispersed spectra were analyzed as a 

17 

The er ror  bars on the  experimental 

As only a 

Data given 

The detailed geometric shape of t h e  grat ing 's  surface i s  the f i n a l  

i t e m  t o  be noted. 
must be 4 (cf Sprague, Tomboulian, and Bedo 
diffraction in to  t h e  first outside order. 

grating must either be unblazed o r  deliberately blazed f o r  the wavelength 
region of interest .  

desirable grating surface during t h e  fabrication of an ac tua l  grating 
mosaic. 
possess a blaze, Sayce and Franks'' have shown how simple it is  t o  obtain 
t r u l y  unblazed gratings. 

The r a t i o  of re f lec t ing  surface t o  groove spacing 
14 ) f o r  high eff ic iency 

I n  addition t o  th i s ,  the 

Considerable pains must be taken t o  preserve a 

While Figure 19 indicates t ha t  even some Siegbahn-type gratings 

F. Laboratory Verification of Spectrograph Behavior 
(1) X-ray Optics 

The x-ray opt ics  of the spectrograph were mocked up i n  the 
laboratory as shown schematically in Figure 20 and in r e a l i t y  in Figure 21. 

Characteristic x-rays of aluminum ( a t  1.5 keV) and oxygen ( a t  0.5 keV) 

were allowed t o  illuminate portions of a pair of f la t  platinum-coated 
diffract ion gratings. The grating closer t o  t h e  source was ruled w i t h  
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150 lines/mm while the  grating f'urther from t h e  source was ruled with 

300 lhes/nrm. 
the incident x-ray flux were chosen so as t o  produce superposition a t  
the  image plane ( in  t h e  coordinate fo r  dispersion), of the spectra from 
the  two gratings. Appreciable first outside order diffract ion of aluminum 
K-radiation was secured by using grazing angles of incidence of N 1'. 

Because of the divergent nature of the x-ray source, the half  centimeter 

long entrance sl i t  was situated at  one focal point of an e l l i p se  and the  

Venetian blind was given an appropriate e l l i p t i c a l  ( ra ther  than parabolic) 
curvature. 
2" x 2" x 0.06" gold-coated pieces of glass (which eventually were found 

t o  possess notably wavy surfaces). Spectra appeared a t  the  second focal 
point of t h e  design e l l i p se  and were recorded by Kodak type SWR photo- 
graphic emulsions. 

The locations of t h e  gratings and t h e i r  inclinations t o  

The e l l i p t i c a l  ref lect ing surface was approximated by 

I n  order t o  indicate the  amount of dispersed radiation that could 
be collected, and t o  prove correct re la t ive orientation of the  two 

gratings, the i n i t i a l  photographic exposures were taken without t h e  Venetian 
bl ind of Figures 20 and 2 1  i n  place. The f i n a l  exposure of t h i s  nature 

is presented here as Figure 22. 

grating are eas i ly  distinguished a t  t h e  l e f t  of the  figure, spectra from 

the  apparently l e s s  e f f i c i en t  300 line/= grating a t  the  right of the 
figure are  just  barely recognizable. 
of the  figure i s  a ref lect ion from the 300 line/mm grating holder, while 

t h e  solarized image a t  the  bottom right is  from x-rays which passed d i rec t ly  

over (and so were unaffected by) the 300 l ine /=  grating. 
t h e  large amount of blackening of the photographic p la te  between the oxygen 

K-radiation and t h e  zero order spectrum from a given grating is  due t o  
x rays scattered by imperfections of the grating surfaces. 
of such imperfections can be inferred from the  zero order spectra. Both 
of t h e  gratings used f o r  t h e  t e s t s  were blazed a t  an angle of 8" 38' f o r  
t h e i r  intended use in  infra-red studies. A s  t he  x rays shone on the  

gratings from a direction opposite t o  t h a t  specified f o r  t h e  infra-red 

s i tua t ion  and a t  grazing incidence angles of -lo, t h e  advertised grating 

groove shape should have prevented the existance of any zero order spectra. 
That  such spectra do ex i s t  and are a lso intense i s  at t r ibuted t o  departures 

of t h e  real e:at,hg elz-rface prof i i e  Truiii the lclealized rqresenta t ion .  

While spectra from the  150 line/mm 

The short black l i n e  near the  center 

A majority of 

The existance 
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Fig. 22. Full scale reproduction of spectra  of aluminum and oxygen 
K-radiations i n  the first outside order, and zero order, 
dispersed by gratings arranged l i k e  those of Figures 20 and 21. 
Spectra of oxygen appear near the top of the figure. 
par t icu lar  s i tuat ion,  the d i f fe ren t  angles of incidence and 
t h e  d i f fe ren t  or ientat ions of t h e  two  grat ings resulted i n  the 
zero order spectra not being l i ned  up although the f i r s t  order 
spectra were. 

I n  t h i s  

Addition of the Venetian b l i n d  image compressor behind the  two grat ings 

completedthe mockup of t h e  x-ray opt ics  and lead t o  t h e  images shown 

i n  Figure 23 (a) and (b). 

pictures  are from di f f rac ted  x-rays which proceeded d i r ec t ly  t o  the  

photographic p la te  and so were unaffected by t h e  presence of the  Venetian 

blind. 

(by the gratings) and re f lec ted  (by t h e  Venetian bl ind) .  

aluminum radiations a re  noticeable i n  the  Figure 23 (a)  spectrum associated 

v i t h  the 150 lbe/mm grating. 
of the Venetian bl ind f o r  1.5 keV photons as compared t o  0.5 keV photons 

has resulted in no obvious image of the aluminum l i n e  i n  the  cen t r a l  

spectrum. The low d i f f rac t ion  e f f ic iency  of the  300 line/mm grating was 

the cause of no spectrum from t h a t  gra t ing  appearing a t  t h e  side of 
Figure 23 (a)  (although a f f ec t s  of oxygen K-radiation are barely discernable 
on the or iginal  photographic p l a t e )  . 

The spectra a t  e i t h e r  side of each of these 

The cent ra l  spectrum i s  from x-rays which have been both dispersed 

Both oxygen and 

However, the  lower r e f l ec t ion  eff ic iency 
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Fig. 23. Firs ,  order spectra of aluminum and oxygen K-radiations and 
separate zero orders taken w i t h  x-ray opt ical  setup of Figures 
20 and 21. 
open tha t  a portion of each dispersed spectrum proceeded t o  
t h e  image plane unaffected by the Venetian blind. 
appear immediately above t h e  number denoting the grooves/mm of 
t h e  grating. 
t o  t h e  order of diffraction n and t h e  chemical symbol f o r  the 
element emitting the radiation. The different  exposure times 
used t o  obtain the various spectra a re  discussed in  t h e  t ex t .  

The e x i t  end of t h e  Venetian blind was suf f ic ien t ly  

These spectra 

The different features have been labelled according 

To compensate fo r  the different diffraction eff ic iencies  of the two gratings, 

an exposure fo r  a spectrum from the 150 l i n e / m  grating was made f o r  only one 

fourth ';he time tha t  was used t o  obtain t h e  spectrum from the 300 line/mm 

grating. Figure 23 (b)  shows the r e su l t  of such an experiment. The much 

shorter exposure (as compared t o  the times used in obtaining t h e  Figure 22 

and 23 (a) r e su l t s )  fo r  the spectrum from the 150 line/mm grating has  lead 

t o  i t s  spectrum showing ef fec ts  of only t h e  aluminum K-radiation. 

t h e  Venetian bl ind has functioned a s  intended as both oxygen and aluminum 

K-radiations a re  present i n  the central  image. The s ignif icant  length of 

t h e  various central  image features i n  t h e  direction pa ra l l e l  t o  t h e  grooves 

Obviously 
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OP the i;rstings i s  a resu l t  of the f i n i t e  s ize  of the source s l i t ,  t h e  imperfect 
nature of t h e  Venetian blind ref lect ing surface, and the f a c t  t h a t  the photo- 

graphic ~ 1 2 % ~  w a s  displaced several inches from t h e  spectrograph's t rue  focal  
plane. 

I 

" 

Although the e f fec t  can not be r-en i n  Figure 23, t h i s  displacemnt 
- i s  02 use i n  verifying t h a t  each grating contributed t o  the central  spectrum. I 

The imperfections already mentioned, plus the f a c t  t h a t  the ve r t i ca l  dimension 
of t h e  individual 2" :: 2" glass f l a t s  of the Venetian bl ind were only pa ra l l e l  
t o  vi thin a iew degrees of t h e  image coordinate representing energy, combined 

t o  degraae the spectrograph's resolution by a factor  of zbout two. 

I 
1 

In spi te  of the various d i f f i cu l t i e s  noted above, a grating mosaic I 

~ 

evidently can be used t o  disperse x rays as postuated, and the conbined x-ray 
optics does function as intended. Because of these d i f f i cu l t i e s ,  fabrication 
of the iicsired quali ty x-ray optics f o r  a f l i gh t  spectrograph now appears t o  
be a relntive1;r straightforward task. 

( 2 )  dlectron Optics 

As noted in  Chapter 4, the primary electron-optics problem of the 
x-ray spectrograph i s  the f i r s t  stage where x rays must be converted t o  a 
different Tom of radiation. The simple collection system f o r  rocket use 
shown in Figure 9 was patterned a f t e r  the schematic of F i s r e  2. Because the 
Spectrograph requires a low noise imaging system, the device of Figure 11 was 

used. The l 5 O  line/mm grating used f o r  Figures 22 and 23 was repositioned so 

t h a t  dispersed radiation from it would f a l l  on t o  a one inch diameter layer 
of C s I  t h a t  had been evaporated onto the image in t ens i f i e r ' s  photocathode. 
Preliminary t e s t s  of the behavior of t h i s  x-ray conversion system were carried 
out w i t h  a C s I  s c in t i l l a to r  and a low-noise photomultiplier. Distributions 
were taken of pulse heights (out of the photomultiplier) t h a t  were produced 
by photo-electrons accellerated t o  20 keV. These dis t r ibut ions indicated 
the tube's noise events occurred a t  a s ignif icant ly  lower rate than did the 
x-ray related events. 

different elements involved, it was only possible t o  shine two of the three 
available radiations from the grating on t o  the CsI photocathode. 

Due t o  the physical s ize  and or ientat ion of the 

Figure 24 presents the results of the  second successful exposure 
of an emulsion i n  t h e  i n t ens i f i e r ' s  image plane. Effects  of t h e  f i rs t -order  
aluminum K-radiation appear as the short l i n e  near the middle of the figure, 

while the effects  of zero-order radiation form t h e  br ighter  l i n e  near t h e  

bottom of the figure. The spectral  l i n e s  appear against  a background of 

x rays scattered Yrom t n e  grating, the approximately rectan&ar area of 
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Fig. 24. Spectra from a 150 l ine/= 
diffract ion grating recorded on 
a photographic plate  placed a t  
the image plane of the device 
shown in  Figure 11. 
photographic image has been 
magnified by a factor  of two f o r  
t h e  reproduction given here. 

The or ig ina l  

t h i s  background region being defined by t h e  entrance aperture &om ii 
Figure 11. 
background region whose limits correspond t o  those of the in t ens i f i e r ' s  

CsI converter. Although extensive measurements could not be made under t h i s  

contract, the low noise feature of t h i s  system i s  apparent as  the  background 

from t h e  CsI photocathode i s  nearly insignificant even though t h e  exposure 

was of two hour duration. 
than tha t  used f o r  obtaining the similar results of Figure 22. The f i b e r  

optic-equipped RCA in tens i f ie r  w i l l  be subjected t o  similar t e s t s  when it 
is  received, but the background noise probably will be large compared t o  

t h a t  of the bare-photocathode resu l t s  shown above. A s  seems t rue  of the 

x-ray opt ics  discussed ea r l i e r ,  it does not appear possible t o  make 

s ignif icant  fur ther  progress without constructing a complete spectrograph, 

t e s t ing  it, and then f lying it on a rocket. 

G. 

The above features l i e  within a much weaker i l l-defined 

The exposure time was a fac tor  of six shorter 

Anticipated Performance of a Sa te l l i t e  Spectrograph 

Combination of an x-ray optical  system having components based 

on those shown in  Figure 1 2  w i t h  an electron opt ical  system patterned 

after t h a t  of Figure 10 appears t o  provide a sat isfactory basis f o r  the 

spectrograph first proposed i n  January 1963. 
The efficiency of an actual f l igh t  un i t  will be a product of the 

conversion efficiency of x rays t o  photoelectrons as given by Figure 8 ( i f  a 

bare photocathode i s  used), the collection efficiency of the Venetian bl ind a s  

shown in Figure 7, and the grating's efficiency fo r  diffract ion in to  t h e  first 

outside order (the grat ing 's  effective aperture i s  here a r b i t r a r i l y  taken t o  be 5$ 
of the grating's projected aperture). The product of these three eff ic iencies  
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i s  given i n  Figure 25, which assumes CsI w a s  used for the x-ray converter. 
The projected aperture of the grating mosaic of a single 2.5 meter long 
instrument, such as could be f i t t e d  into an OAO, might be some 10 cm . 
On the basis of Figure 25, the instrument's effective aperture i s  found 

2 t o  vary from a minimum of - 1/50 cm a t  a photon energy of - 2 keV t o  a 

maximum of - 1/4 cm a t  photon energies 0.5 keV. Consequently, an 

exposure time of some three hours would be required t o  measure as many as 

1000 photons (assuming no significant spectral  features)  from a source 
- 2  -1 havizlg a f l u x  of - 0.6 photons cm sec keV-l near one keV. Only about 

four minutes of observing time would be required t o  measure the same 
number of photons from the br ightest  x-ray source in  Scorpius. 

2 

2 

By resorting t o  the instrument design of Figure 1 2 ,  where 4 complete 
spectra are acquired simultaneously, twofold weaker sources might be 
observed. 

la rger  aperture by a factor  of five.  
instrument of scaled up s ize  would permit the aperture t o  be increased 
by a t  leas t  the scale factor.  Contemporary gas proportional counter 
measurements of the spectra of discrete x-ray sources may well suggest 
t h a t  e f f ic ien t  examination of the flux of 0.2 t o  0.5 keV x rays i s  l e s s  

important than e f f i c i en t  examination of 2 t o  3 keV x rays. Should t h i s  
prove true,  it may be more appropriate t o  use a s c i n t i l l a t o r  than a 

bare photocathode as the x-ray conversion element of the several-stage 
image amplifier of a s a t e l l i t e  spectrograph. 
ment (decrease) @f the noise l eve l  of ex is t ing  photocathodes m i g h t  render 
feasible  t h i s  type of converter. The dashed curve i n  Figure 25 indicates 

the l imiting efficiency which might be obtained if a C s I  o r  NaI s c i n t i l l a t o r  
( ra ther  than the CsI converter) had been used for the  i n i t i a l  stage of 
t h e  x-ray detector. 

Other Fmprovements i n  spectrosaph design, m i g h t  lead t o  a S t i l l  

Furthermore, a b i l i t y  t o  f l y  an 

A r e l a t ive ly  modest improve- 

With the l imited calculation procedures employed, the  approximate 
energy resolution of 100 appears a t ta inable  for  a point source no more 

than one arc minute off-axis for  an energy range of about 0.2 t o  1.8 keV. 

While it was not possible t o  achieve the desired resolution Of 200 
throughout t h e  0.3 t o  3 keV range, it is believed t h a t  a more accurate 
calculation of an actual  grating mosaic would show t h a t  a wawlen@;th 
resolution of 200 is obtainable for  about an 0.3 t o  1.5 keV energy 
interval. If a grating with continuously variable spacing C a n  actual ly  
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be fabricated, the . 3  t o  3 keV energy range original ly  desired might 

actual ly  be obtained. 
be comparable t o  tha t  obtained with the solar spectrograph of Blake e t  al 

6.  S-Y OF STUDY RESULTS 

A. Problems Solved 

Resolution of features of s t e l l a r  spectra should 
19 

On t he  basis  of laboratory tests, t h e  x-ray opt ica l  concepts 
of a medium resolution (- 15) spectrograph have been proved 
valid. 

The electron-optical concepts of one type of x-ray converter 
which could be used wi th  the above spectrograph have undergone 
cursory laboratory tes t ing,  and the  general procedure is 
suitable fo r  incorporation in to  either rocket o r  s a t e l l i t e  
exper-nts . 
Both a Venetian blind mirror array and one version of a bare 
photocathode detector have been constructed. 
units were flown on an Aerobee rocket in 1965, several difficul- 
ties resulted in no useful data being obtained. The Venetian 
blind, which has been used in an x-ray spectrograph t o  co l lec t  
and fonn a line-shaped image of the  dispersed x-rays, may 
w e l l  f ind  application as one of several components in other 
x-ray opt ica l  devices. 
A large area gas proportional counter array ( fo r  OAO-AI.) was 

constructed and successf'ully maintained its cal ibrat ion during 
a year of extensive pre-launch environmntal tests. 

While both 

B. Problems S t i l l  t o  be Solved 

1) A capacity t o  fabr icate  sui table  gratings f o r  a f l igh t  spec- 
trograph should be developed, and the  detailed x-ray character- 

i s t i c s  (with regard t o  effect ive blaze, diffraction efficiency, 
background from scattering, and ghosts) of these gratings must 
be established. 
While d i f f i c u l t i e s  in the  operation of simple bare photocathode 

and sc in t i l l a t i on  devices have been experienced and overcome 
i n  the laboratory, the f l ight use of very low noise image 

amplifiers based on such x-ray converters may not pt be well 
Uherstood. 

2) 

Further experimental evaluation of the low energy 
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(2 2 keV) portion of t h e  spectra of discrete x-ray s o - u c e ~  

is  needed before a well-founded choice can be made of whether 

t o  use a bare photocathode or a sc in t i l l a to r  in the  x-ray 
conversion stage of an image amplifier f o r  satell i te use. 

3) Although t h e  usefulness of both the Venetian blind system f o r  

i 
i 
1 

I 

1 spectral measurements seems obvious, successful rocket 

I made. 

I high sens i t i v i ty  survey work and the x-ray spectrograph for 

demonstrations of these instruments' value has  not yet been I 

1 7. RECOMMENIATIONS AND CONCLUSIONS 

1) he-flight behavior of the Wo-AL array of gas p i o p r t i o n a l  
counters was suf f ic ien t ly  straightforward t h a t  some excellent 
reason must be established if  a satellite experiment based on 
large-area gas counters and detection of few-keV x rays is  t o  be 

operated in the Geiger ra ther  than i n  the  proportional region. 
While neither the high-sensitivity Venetian bl ind system nor 2) 

t he  medium-resolution x-ray spectrograph have yet been proven 
in f l igh t ,  they both appear suff ic ient ly  promising as t o  merit 
inclusion i n  tentat ive plans for  future space astronomy experiments 
(of both solar  and stellar phenomena). 
In view of scheduling d i f f icu l t ies ,  a small-scde e f f o r t  f o r  

developing grating rul ing techniques should be separately and 
immediately funded i f  flight of t h e  x-ray spectrograph described 

in t h i s  report  i s  approved Fn principle. 
available conventional gratings f o r  use at  x-ray energies i s  so 
low t h a t  a s ignif icant  attempt a t  improvement of ruling techniques 
seems worth the  effor t .  
In s i t u  evaluation of the  behavior and background problems of 

both bare photocathode and scintillator-equipped image amplifiers 
should be performed where convenient. Potential  satell i te use of 

spark chambers f o r  recording soft x-ray information should be 

examined . 
A rocket version of the  medium resolution (- 146) spectrograph 

should be constructed, exhaustively tested i n  the  laboratory, 

3)  

The qual i ty  of currently 

4) 

5 )  

and then flown. 
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ABSTRACT 

Three d i f f e ren t  types of instrumentation 
with high de tec t ion  s e n s i t i v i t y  f o r  inves t iga t ion  
of cosmic x-ray sources a r e  considered i n  some 
d e t a i l .  
de tec t ion  of photons i n  t h e  2 t o  20 keV energy 
in t e rva l .  Large aper ture  i s  achieved by ganging 
together  the  outputs  of maw ind iv idua l  gas 
proport ional  counters. An x-ray experiment with 
a t o t a l  npcrture  of -0.1 m2 has L i i i l  c;;.;tFxted 
f o r  use on t h e  first Orbiting Astronomical 
Observatory. The ove ra l l  nature of t h i s  package 
i s  discussed and some d e t a i l s  of the  behavior of  
t he  gas counters and t h e i r  associated e lec t ronics  
are given. k t a  from f l i g h t  of s imi la r  w e l l -  
collimrlted counters on Aerobee rockets  suggests 
t he  background counting r a t e  is proport ional  t o  
the  wall area  of t h e  gas counter. 
instruments combining x-ray op t i c s  with a 
smaller de t ec to r  are of value. 
both ap lana t i c  and Venetian b l ind  op t i c s  are 
considered. Some d e t a i l s  a r e  given of a rocket- 
s ized Venetian b l ind  detector  that was flown f o r  
i nves t iga t ion  of 0.2 t o  3 keV photons. 

The first instrument i s  designed f o r  

Therefore, 

Systems using 

INTRODUCTION 
High de tec t ion  s e n s i t i v l t y  f o r  observations 

of e x t r a - t e r r e s t r i a l  sources of s o f t  x-rays i n  
the  0.1 t o  20 keV energy range can be obtained 
with a gas  proport ional  counter whose output 
pulses  can be pulse-height analyzed. The bacit- 
ground counting r a t e  i n  such a counter can be 
reduced by an  anticoincidence shield and the  
co l l ec t ing  a rea  of the  counter can be increased 
by an x-ray co l l ec t ion  device. l  This paper i s  
i n  part devoted t o  considerat ion of t he  inf luence 
of the  background counts on the  detect ion sensi-  
t i v i t y  of t h e  counter. Measured pulse-height 
d i s t r i b u t i o n s  of background events obtained with 
gas  propor t iona l  counters flown on several  
Aerobee rocke ts  a r e  presented and several  d i f -  
f e r e n t  geometries which successful ly  preserve 
the  coun te r ' s  inherent  energy resolut ion a r e  
described. 
x-ray experiment designed f o r  inves t iga t ion  of 
2-20 keV photons f o r  t he  f i r s t  Orbiting 
Astronomical Observatory a r e  discussed. 

Then the  general f ea tu re s  of an 

F i n a l l y  the  behavior of a complementary 
system f o r  0.1 t o  6 keV photons, u t i l i z i n g  x-ray 
o p t i c s  which focus i n  only one dimension, i s  
considered. While an imagining system with two- 
dimensional focusing has a l ready successful ly  

photographed the  sun,2 i t s  r e s t r i c t e d  f i e l d  of 
view i s  a ser ious  handicap i n  survey work. 
Therefore the  cha rac t e r i s t i c s  of the  recent ly  
developed one-dimensional focusing system, which 
overcomes t h i s  disadvantage, a r e  discussed. 
Although a comparison of the  e f f ec t ive  co l l ec t ion  
aper tures  of t he  Venetian bl ind and paraboloidal 
co l l ec to r s  has been made,3 an appra isa l  of t he  
ac tua l  detect ion s e n s i t i v i t y  of r e l a t ed  de tec tor  
systems has not y e t  appeared and so i s  given 
here. 

COUNTER BACKGROUND AND SENSITIVITY 

Two d i s t i n c t  types of background counts have 
been observed during several  rocket f l i g h t s  of 
gas proport ional  counters. While the  majori ty  
of the  background counts i n  a well-collimated 
(w.03 o te r  f i e l d  of view) de tec tor  appear t o  
arise from energet ic  charged p a r t i c l e  and genrma 
e f f ec t s ,  a small por t ion  i s  due t o  a d i f fuse  
(background) flux of x-rays o r ig ina t ing  i n  
sources other  than the  one under study. Com- 
parison of f l i g h t  r e s u l t s  obtained with two q u i t e  
d i f f e ren t  gas counter configurat ions ind ica t e s  
the  penetrat ing r ad ia t ion  component of t h e  back- 
ground count i n  a well-collimated detect ion 
system i s  proport ional  t o  the  counter w a l l  a rea  
r a the r  than t o  the  counter volume, window area, 
o r  so l id  angle. 
dependence. A s  used here, w a l l  area means t h e  
surface encompassing t h e  counter ' s  s ens i t i ve  
volume (between t h e  inner  ends of t he  f i e l d  tubes  
noted i n  the  next sec t ion) .  For these  well- 
collimated 1963-1964 e ra  counters, the  4-8 keV 
counting r a t e  due t o  t h e  d i f fuse  (background) 
x-ray f lux  was only -lo$ of the  t o t a l  background 
counting r a t e .  "he magnitude of t h i s  d i f fuse  
x-ray f lux  was determined by subt rac t ing  the  
counts obtained when the  de tec tor  was looking 
down ( a t  t h e  ea r th )  from the  counts obtained 
when the  de tec tor  was looking up (away from t h e  
w e l l  recognized concentrated x-ray sources i n  
the  night sky). While only meager information 
i s  ava i lab le  concerning the  d i f fuse  x-ray f lux ,  
the  October 1964 f l i g h t  yielded a value of t h e  
order of 0.8 photons cm-2 sec- l  ster-1 keV-1 f o r  
photon energies i n  the  range of 4 to 8 keV. 

derived from the  March 1963 measurements4 i n  
which a p l a s t i c  s c i n t i l l a t o r  anticoincidence 
shleld was used. 
r a the r  poor, the  sh ie ld  reduced t h e  counter back- 
ground by a f a c t o r  of two. 

Table I i l l u s t r a t e s  t h i s  

Further i n s igh t  on background problems was 

Although the  geometry was 

While too few counts 
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TABLE 1 
Comparison of background rates obtained with different well-col llmated counter conflgurations. 
The counter wall area and Volume are for the region between the counter field tubes as discussed 

In the text. 

Average In- f l lgh ta  X - R a y  
Clear Window Counter Counter Sol ld  A n g l e  Counts/sec i n  

Results from Aperture ( c 3 )  W a l l  Area ( ~ $ 1  Volume (cm31 lsq. deR.) 4-8 keV I n t e r v a l  

October 1, 1964 260 

March 20, 1963 8 

Ratio of above -30 
numbers 

u00 

90 
-12 

1200 2.9 x 25 75 

-17 -1.5 -10 

70 5 x 1 0  7- 8 

a. For each counter, t h e  e f fec t ive  wall thickness  including rocket s t r u c t u r e  was a t  least 0.8 cm of 
m ~ n c s i u m .  
0.8 cm t h i c k  p l a s t i c  (anticoincidence) shield.  
p a r t i c l e s )  of t h i e  difference i n  absorbing mater ia l  i s  believed to  be small. 

About one ha l f  of t h e  counter used on t h e  March 20, 1963 f l i g h t  was a l s o  covered by a n  
The n e t  e f fec t  (on background counts f r o m  energet ic  

OCTOBER I ,  1964 GROUND LEVEL 
BACKGROUND AT WHITE SANDS, 

8 10-2 

DATE WINDOW GAS 
I--*-+ OCT. 4,1964 &MIL Be 80CM P-IO 

MAR.20,1965 5-MILBa BOCM P-IO 

MAR. 20.1963 114 MIL 20  CM P 4 0  
MYLAR 

0 4 8 12 16 20 i 
EOUIVALENT PHOTON ENERGY (keV) 

Fig. 1-Distribution of background counts as a 
function of equivalent photon energy ob- 
tained with several different gas pro- 
portional counters. The text defines the 
area of each counter used to derive val- 
ues of counts cm-2 sec-1 keV-1, 

were obtained during t h e  f l i g h t  t o  y ie ld  prec ise  
background pulse  height d i s t r i b u t i o n s ,  t he  
energy d i s t r i b u t i o n  of gas  counter pulses  not 
associated w i t h  s c i n t i l l a t o r  pulses  was ind is -  
t inguishable  i n  shape o r  absolute  magnitude from 
t h e  d i s t r i b u t i o n  of gas counter pulses  associated 
wi th  s c i n t i l l a t o r  pulses.  
pulses  from both a 1/4-mil nlylar-window counter 
which was f o r  de tec t ion  of  0.5-3.5 keV x-rays, 
and a s imi la r ly  shaped beryllium-window counter 
which was used t o  de tec t  4.-20 keV x-rays. The 
March 1963 counter pulse-height d i s t r i b u t i o n s  
(obtained without anticoincidence) are given i n  
Figure 1, which a l s o  presents  t h e  corroborat ing 
measurements of 4-8- and 8-12-keV pulses  found 
on October 1, 1964. To obta in  t h e  count rate 
per  u n i t  a rea  given i n  Figure 1, an "effect ive" 
counter c ros s  sec t ion  was required.  Adequate 
accuracy f o r  t h e  purpose a t  hand was obtained by 
def ining t h e  "effect ive" area as one-sixth of 
t h e  counter' 8 wall  area. The v e r t i c a l  e r r o r  bars  
of Figure 1 refer so le ly  t o  s t a t i s t i c a l  e r r o r s  i n  
counts i n  each energy i n t e r v a l  while t h e  hori-  
zonta l  l i n e s  correspond t o  t h e  length of each 
energy i n t e r v a l .  
corresponding t o  photon energies  below 4 keV 
(from t h e  1/4-mil mylar-window counter) i n d i c a t e  
a much higher background count rate thnn was 
found f o r  pulses  above 4 keV. 
t i n g  evidence e x i s t s ,  it is not c l e a r  whether 
t h i e  higher  l e v e l  Is real o r  spurious.  
d ica ted  i n  Table 1, each counter gns cornpartsent 
was surrounded by roughly cornpnrable amounts of 
absorbing mterial  so t h a t  e f f e c t s  of mass and 
i t s  d i s t r i b u t i o n  on the two rockets  can not be 
accura te ly  judged. However, t h e  absolute  l e v e l  
of count r a t e  i n  Figure 1 f o r  t h e  beryllium 
window counters  i s  bel ieved t o  be i n  e r r o r  by no 
more than a f a c t o r  of three. 

This was t r u e  of 

The two points  a t  pulse  he ights  

As no corrobora- 

A s  in- 

Consider t h e  counter s e n s i t i v i t y  required 
f o r  acceptable  de tec t ion  of a n  x-ray source. The 

I 

- A 2 -  
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I 

minimum f lux  detectable  might be simply derived 
from an a r b i t r a r y  requirement that t h e  number of 
countc from the  source be a t  l e a s t  three standard 
deviat ions g rea t e r  than t h e  average count. The 
penetrat ing rad ia t ion  produces counts i n  the  
de tec tor  a t  the  r a t e  of I b  i n  counts cm-2 sec-1 
per pulse height  i n t e r v a l  equivalent to one keV 
of photon energy. 
f o r  the  d i f fuse  x-ray flux Ix, expressed i n  
photons cm-2 sec-1 ster-1 keV'I, which is ob- 
served through the entrance a rea  Ax of the  
detect ion system and through the  so l id  angle 0, 
defined by the  de t ec to r ' s  col l imat ion system. 
The photon f l u x  from the  point  source i s  desig- 
nated ex and i s  i n  u n i t s  of photons cm-2 sec-1 
keV-l. Then f o r  an observing t i m e  t, photons 
from a detectable  point  source producing pulse 
heights within t h e  energy i n t e r v a l  AE ( i n  keV) 
must satisfy the  r e l a t i o n  

Allowance must a l s o  be made 

exKXAxfAE 2 3 JI,( l-K.,)%UE+ IxflxKxAxtdE. (1) 

The f ac to r  l-Kb represents  t he  f r ac t ion  of counts 
from energet ic  rad ia t ion  that were not eliminated 
by the  de t ec to r ' s  anticoincidence system. 
the  counter ' s  e f f ic iency  f o r  de tec t ion  of photons 
of t he  pa r t i cu la r  energy being considered. 

Kx is 

I n  t h e  absence of a s ign i f i can t  background 
count ( t h e  quant i ty  under the  r ad ica l  of Equation 
1 being less than uni ty) ,  t he  minimum de tec tab le  
f l u x  ex defined by Equation 1 i s  without meaning 
and ex must be determined from the r e l a t i o n  

This  inequal i ty  merely s t a t e s  that a t  l e a s t  N 
source-related events  must be noted i n  t h e  ob- 
serving t i m e  i n t e r v a l  t. Equation 1 f a i l s  t o  be 
s ign i f i can t  when the  angular reso lu t ion  of t he  
de t ec to r  i s  so high t h a t  i t s  sensing element has 
negl ig ib le  a rea  and therefore  observes no back- 
ground events  during t h e  observing time. 
for tuna te ly ,  only a subject ive decis ion can f i x  
the  numerical value f o r  N. 
weakest observable source s t rength,  N i s  set 
equal t o  3 i n  t h e  following discussion. 
t h i s  is r e a l l y  too  small a s igna l  count t o  pro- 
vide much confidence, such a c r i t e r i o n  does 
indeed ind ica t e  the  f a i n t e s t  source t h a t  might 
be de tec ted  i n  a minimum of observing t i m e .  

Un- 

For computing the  

While 

Anticoincidence equipped detect ion systems 
of l a rge  ape r tu re  must be employed i f  f a i n t  
x-ray sources are t o  be detected and located. 
Several  extreme bu t  f eas ib l e  systems a r e  worth 
considering. These include: a )  well-collimated 
de tec to r s  with no focusing f o r  inves t iga t ion  of 
2-20 keV photons, b) de tec tors  equipped with 
c y l i n d r i c a l l y  symmetric x-ray o p t i c s  focusing i n  
two dimensions f o r  112-2 keV photons, and c )  
de t ec to r s  equipped with Venetian b l ind  x-ray 
o p t i c s  focusing i n  only one dimension f o r  112-6 
keV photons. 
might be used, they are not diecuaeed here be- 

Although severa l  o ther  arrangements 

cause they B ~ P  c n ~ ~ j d e r ~ d  t o  be l e s s  extreme 
forms of t he  configurat ions j u s t  l i s t e d .  A 
reasonable evaluation of these  configurat ions can 
be a t t a ined  by considering t h e i r  s e n s i t i v i t y  f o r  
detect ion of -2-keV photons i n  a one keV wide 
energy in t e rva l ,  a s  t h i s  i s  t h e  only photon 
energy range access ib le  to  a l l  three systems. 
The evaluat ion presented below i s  spec i f i ca l ly  
directed a t  determining t h e  minimum source 
strength de tec tab le  by a system Kith a prescr ibed 
maximum dimension. 

Solut ion a )  i s  equivalent  t o  a shallow de- 
t ec to r  sandwiched between a n  ant icoincidence 
shield and a passive c o l l i m t i o n  system. Assum- 
ing u n i t  e f f ic iency  i n  the  x-ray de tec tor ,  and 
A,t values  of 105 t o  lo9 cm2 sec bel ieved t o  be 
compatible Ki th  Aerobee- and Saturn-sized launch 
vehicles, imdE values i n  the  range of 10-3 to 
10-5 photons cm-2 sec-1 can be found. 
minimum detec tab le  source s t rength  i s  l imited by 
background e f f e c t s  and so Equation 1 i s  used to 
evalantc ccnzi t ivi+y.  The limits j u s t  given 
were based on Ax FJ Ab, a f i e l d  of view of 10-3 
s t e r ,  a one keV wide energy in t e rva l ,  an a n t i -  
coincidence shield e f f ic iency  of 99, t h e  pene- 
t r a t i n g  p a r t i c l e  e f f e c t s  of Figure 1 and the  
d i f fuse  x-ray f l u x  quoted e a r l i e r .  For t h i s  
choice of constants, t he  two causes of back- 
ground were of comparable importance i n  f ix ing  

The 

ix f o r  t he  one kev-xide energy interval  a t  
w 0 . 2 / a .  

If t h e  de tec tor ' s  energy s e n s i t i v i t y  were 
ra ther  poor, a s  would be the  case i f  Geiger 
counters o r  bare photocathode de tec tors  were 
used i n  place of proport ional  counters, a l l  
penetrat ing p a r t i c l e  events  would cont r ibu te  t o  
the  background count. lherefore ,  i f  the  source'e 
x-rays occurred i n  only a smll por t ion  of t he  
energy range covered by the  background distri-  
bution, t he  l imi t ing  de tec t ion  s e n s i t i v i t y  of a 
given s ized system could not be as l a rge  as the  
value j u s t  computed. 

Solut ion b) i s  f o r  imaging x-ray o p t i c s  and 
involves a very d i f f e r e n t  geometry from t h a t  of 
the  l a rge  a rea  de tec tor  j u s t  considered. 
Aplanatic op t i c s  involving mtched  parabolic- 
hyperbolic r e f l ec t ion  surfaces  of revolu ion  

Kirkpatr ick and Pat tee ,7  and Kirkpatr ick.3 
Unfortunately, e f f i c i e n t  r e f l e c t i o n  of 1.5, 3, 
and 6 keV x-rays can only occur f o r  grazing 
angles  of incidence 8 no l a rge r  than about 1.50, 
lo, and 112" respect ively.  
angle of r e f l ec t ion  f ixed,  t he  aper ture  (A, of 
Equations 1 and 2) f o r  co l l ec t ing  ' radiation with 
an approximately conica l  co l l ec t ing  sur face  i s  
proport ional  t o  L2, where L is the  o v e r a l l  length 
of t he  de tec tor  system i n  centimeters. 
prototype high-efficiency inn ing  te lescope 

propor t iona l i ty  (allowing f o r  a & e f f i c i e n t  
r e f l e c t i o n  a t  each of t he  two  r e f l e c t i n g  sur- 
faces)  appears to be 
of t h i s  te lescope might have an aperture as high 

have been discussed by Giacconi e t  a1.5, 2 

With t h e  maximum 

For the  

described by Giacconi e t  al. ,  d t he  constant  of 

A s  a refined vers ion 
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as -5 x 
opt imiot ic  aper ture  has been used for  t h e  present  
calculat ions.  Therefore t h e  minimum detec tab le  
source s t rength  i n  a one keV wide energy interval  
as derived from Equation 2 occurs a t  a Ix of 
m 6 x 103/L2t. 

L2 f o r  1.5 keV x-rays, t h e  more 

Assuming uni t  e f f ic iency  i n  t h e  x-ray 
counter,  and L2t values of 105 t o  1011 c 3  sec 
f o r  Aerobee- and Saturn-sized launch vehicles ,  
Va lUf2G of  I 
photolio cm-$scc-l could be observed. Because 
of t h e  two dimennional focusing of t h e  x-ray 
opt ica ,  t h c  l imi t ing  detectable  source s t rength 
i o  not determined by the  penetrat ing p a r t i c l e  o r  
diffuGC x-ray background effects but  by t h e  re- 
quircnicnt t h a t  the minimum number of t h r e e  events  
be dctcctcd.  
t h e  h ighes t  e n e r a  photon t o  be detected,  a la rge  
e f f e c t i v e  co l lec t ion  aperture  can only be a- 
chieved by r e s o r t  t o  an o p t i c a l  system of la rge  
o v e r a l l  length.  I t  should be noted that high 
a w u l n r  reso lu t ion  i s  inherent  i n  t h i s  type of 
o p t i c a l  system and real ly  must be u t i l i z e d  t o  
keep t h e  background effects negl ig ib le  i f  t h e  
quoted l imi t ing  s e n s i t i v i t y  i s  t o  be a t ta ined .  

E i n  t h e  range of 10-1 t o  10-7 

With t h e  r e f l e c t i o n  angle f ixed  by 

Intermediate t o  t h e  two extremes j u s t  
discussed i s  solut ion c )  i n  which incoming flux 
from t h e  d i s t a n t  point source is converged t o  a 
l i n e  r a t h e r  than t o  a point  as  i n  case b ) .  
Consider a symmetrical parabolic cyl inder  o r  
sheet  with rad ia t ion  approaching i n  a d i rec t ion  
p a r a l l e l  t o  t h e  ax is  of t h e  parabola and n o m 1  
to  t h e  f o c a l  l i n e .  The rad ia t ion  re f lec ted  from 
t h e  two c y l i n d r i c a l  surfaces  can be received 
through a n  entrance s l i t  of a l i n e a r l y  extended 
countcr. The overa l l  length of  t h i s  instrument 
( f o c a l  plane t o  entrance end) is taken as L and 
0 i s  t h e  angle  of grazing incidence which it 
would be u s e l e s s  t o  exceed. I t  nay be shown3 
t h a t  t h e  broadest  beam which may be r e f l e c t e d  
undcr these  circumstances has a width 9L. If t h e  
c o l l c c t i n g  surface has a l i n e a r  extent  B i n  t h e  
d i r e c t i o n  n o m 1  t o  t h e  incoming photon flux, t h e  
cross-sect ional  area of t h e  intercepted beam i s  
found t o  be  proport ional  t o  0LB. 

To f a c i l i t a t e  intercomparison of so lu t ions  
b) and c )  , t h e  maximum entrance dimensions of 
t h e  ap lana t ic  and Venetian bl ind systems are here  
required t o  be equal. 
of B t o  a value no la rger  than 0L severely l i m i t s  
t h e  Venetian b l ind  aperture.  
gnined from t h e  r e s t r i c t i o n  is t h a t  a s ing le  
c y l i n d r i c a l  envelope descr ibes  t h e  overa l l  d i -  
mensions of each o p t i c a l  system. Under these  
circumstances, t h e  co l lec t ion  aperture ,  Ax, of 
t h e  Venetian b l i n d  i s  proport ional  to L2. 
Chnrac ter i s t ics  of the prototype Venetian b l ind  
system described i n  Section V of t h i s  a r t i c l e  
appcar t o  be t y p i c a l  and y ie ld  a c o l l e c t i o n  
aper ture  (a l lowing fo r  a 5d e f f i c i e n t  r e f l e c t i o d  
of -10-3 L2 f o r  1.5 keV x-rays. Because of t h e  
Venetinn b l i n d s  focusing act ion,  t h e  counter 
c r o s s  sect ion Ab may be taken t o  be L 0.1 of t h e  
x-ray c o l l e c t i o n  aperture.  Therefore t h e  l imi t -  

Admittedly t h i s  r e s t r i c t i o n  

The advantage 

ing  detectable  f lux i n  a one keV wide energy 
i n t e r v a l  corresponds t o  a @x of 4.6/@. 
s e n s i t i v i t y  assumed a 9s e f f i c i e n t  an t ico inc i -  
dence shield.  
to values of L2t 2 106 c& sec where p a r t i c l e  
background e f f e c t s  do indeed l i m i t  t h e  I s e n s i t i v i t y  . 4 

I 

This 

"he r e l a t i o n  derived for  ix a p p l i e s  I 

Evaluation of t h e  des i red  angular resolution, 
t h e  permissible de tec tor  length,  and t h e  total 
t i m e  ava i lab le  t o  eloarnine a given sky area for  
sources of a given s t rength  determine which type 
of x-ray o p t i c s  should be  used. For  example, 
consider a f ixed t i m e  i n t e r v a l  were a v a i l a b l e  
for examination of a f i v e  to  t e n  square degree 
por t ion  of sky for  f a i n t  po in t  sources. For 
moderately la rge  systems arranged t o  observe 
photon energies of t h e  order  of two keV, t h e  
near ly  one square degree f i e l d s  of v i e w  of both  
kinds of focusing o p t i c s  i n d i c a t e  comparable 
times will be required by each system a t  each 
o r i e n t a t i o n  needed t o  examine a l l  of t h e  sky 
area of i n t e r e s t .  A s  noted above, t h e  i m g e -  
plane o r  particle-background-sensitive-area of 
t h e  Venetian b l ind  system for  0.lo wide swath 
of sky i s  about a f a c t o r  of t e n  less t h a n  the 
x-ray aperture .  Comparable l i m i t i n g  de tec t ion  
s e n s i t i v i t i e s  can be obtained from t h e  two I 

types  of focusing system a t  a value of L2t 
109, although t h e  pos i t ion  accuracy from t h e  
Venetian b l ind  measurements w i l l  be  expressed 88  
a f r a c t i o n  o f  a degree as compared to  t h e  
f r a c t i o n  of a minute a t t a i n a b l e  and necessary 
( f o r  maximum s e n s i t i v i t y )  with t h e  double 

I 

1 
1 
I 

I 

1 

focusing opt ics .  

Table 2 ind ica tes  t h e  s e n s i t i v i t y  of some of 
t h e  configurat ions considered above. 
gress ive ly  higher photon energies  than con- 
s idered i n  Table 2, t h e  c o l l e c t i o n  aper ture  and 
f i e l d  of  view of t h e  two-dimensional focusing 
system become progressively smaller. The 
r e s u l t a n t  decrease i n  each of  t h e s e  q u a n t i t i e s  
therefore  requi res  correspondingly longer t i m e  
i n t e r v a l s  t o  observe a given sb area. 
l i m i t a t i o n  is s u f f i c i e n t  severe t h a t  for  

Venetian b l ind  and t h e  l a r g e  area de tec tor  
systems can observe a t  least tenfo ld  weaker 
6 keV sources than t h e  imaging o p t i c a l  system. 

For  pro- 

This 

values  of L2t o r  A x t  r: 10 Y cm2 sec,  both t h e  

It must be  remembered, t h a t  i n  der iving the 
r e s u l t s  given i n  Table 2, t h e  de tec t ion  eff i -  
ciency of a l l  x-ray counters  has  been assumed 
t o  be  lC& and no considerat ion has  been given 
t o  the p r a c t i c a l  d i f f i c u l t i e s  of e i t h e r  obtain-  
i n g  o r  successful ly  f lying some of t h e  p a r t i c u l a r  
features assumed! 

COUNTER CROSS SECTION AND RESPONSE 

A s p e c i a l  high-voltage feed-through 
I n s u l a t o r  equipped with both a guard tube and 
a f i e l d  tube has  been used i n  t h e  three counter  
configurat ions shown i n  Figure 2. 
measuring e r r o r e  of a f e w  percent,  it h e  been 

To wi th in  t h e  

- A 4 -  
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I .  TABLE 2 
Approximate ultimate sensitivity in photons cm-2 sec-l of several types of x-ray detection 

systems for -2 keV photons failing in a 1 keV wide energy Interval. Assumptions underlying 
I these calculations are given in the text. 

i Configurationa 105 107 109 Inherent  Angular 
Obsewing t i m e  ( sec)  lo1 l o2  103 lo4 Resolution (deg. ) i 
Detector 

Large a rea  10-3 10-5 
I 2 dimenGIom1 focus 10-1 10-3 10-5 10-7 

: -1 
-10-3 

1 dimensional focus 10-2 10-4 10-5 10-6 40-1  

1 a. Configuration refers t o  t h e  assumed value of Axt  ( l a r g e  area counter) or  L 2 t (focusing system). 
A, and L2 are i n  c g  and t i s  i n  sec. 

I possibia io u i i a i r l  L . v r r u t u ; l t  ;;;z ~ 2 5 ~  3113 ~ T ? P F ~  
reso lu t ion  f o r  a l l  three  geometries for the  

e lec t rode ,  lying between the  f i e l d  tubes. The 

tube vol tage i n  each instance w a s  empir ical ly  
detcrnlncd. 
rec tangalar  creoe-oecfion counters have been 

I 

I 
I 

e n t i r e  len(i;th of t h e  cen t r a l  wire, o r  co l lec t ing  

optimum r a t i o  of center  wire voltage t o  f i e l d -  

As can be noted i n  the  f igure ,  

I employed. Such a geometry is permissible because 

I 
I t h e  gas  mul t ip l ica t ion  of these proport ional  

counters occurs e s sen t i a l ly  a t  the  center  wire. 

X-RAY EXPERIMENT FOR OAO-A 

A schematic view of the  Lockheed x-ray 
experiment f o r  OAO-A is given by Figure 3, 
while Figure 4 is a photograph of t h e  port ion 

The system cons i s t s  of an ar ray  of gas propor- 

i 
I of t h e  package containing the  x-ray detectors .  

t i o n a l  counters  sandwiched between c e l l u l a r  I 

Fig. 2-Cross sections of gas chambers of pro- 
portional counters used for x-ray mea- 
surements. The dotted outline represents 
the field tube of the high-voltage feed- 
through insulator. 

Fig. 3-Schematic of OAO-A x-ray experiment. 
The upper portion of the sketch con- 
tains two differently configured cellular 
aluminum collimators, while the lower 
portion of the sketch contains six gas- 
counter -anticoincidence -unit detectors. 
The gas counter windows in the lower 
portion of the package have been given 
the darkest shade of gray and sub- 
divided into small squares. 
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Flg. 4-View into lower half of flight package. 
Four separate pyramid-shaped survey- 
counter systems surround a portion of 
collimator which obscures the two sep- 
arate pointed-counter systems mounted 
on a lower lying shelf. 

co l l imators  (which prescribe t h e  f i e l d  of v i e w  
of t he  x-ray counters) and s c i n t i l l a t o r -  
photomultiplier anticoincidence u n i t s  (which 
r e j e c t  some of t he  background counts from the  
gas  counters).  One i d e a l  form of l a rge  area 
de tcc to r  would have an x-ray sens i t i ve  length 
( p a r a l l e l  t o  t he  path of t h e  x-ray to be 
detected) t h a t  was negl ig ib le  i n  comparison t o  
t h e  average diameter (perpendicular t o  the  x- rays  
pa th)  of both t h e  anticoincidence u n i t  and the  
x-ray counter aperture.  I n  the  OAO-A experiment, 
t h e  r a t i o  of 1ene;th to average diameter f o r  each 
ind iv idua l  de tec tor  i s  only about 1:3 and so the  
anticoincidence sh ie ld ' s  e f f ic iency  i s  much l e s s  
than  t h a t  obtainable from t h e  i d e a l  arrangement. 
S ix  completely separate de tec t ion  systems are 
indicated i n  Figure 3. 
a c t e r i s t i c s  of t h e  four pyramid-shaped de tec tors  
shown i n  Figure 4, which have been labeled 
''survey" de tec tors .  The two "pointed" de tec tors  
not v i s i b l e  i n  Figure 4 are shown a t  t h e  bottom- 

Table 3 lists char- 

most Layer of Figure 3. 
was designed and f i n a l l y  ca l ib ra t ed  i n  a four- 
month t i m e  i n t e rva l .  

The complete experiment 

Figure 5 is a block diagram of part of t h e  
e l ec t ron ic s  and shows one of t h e  t w o  i d e n t i c a l  
halves of t he  survey de tec to r  system. Normal 
operation i s  i l l u s t r a t e d  by t h e  so l id ly  drawn 
output s igna l  l i n e s  t o  t h e  memory and r e s u l t s  
i n  a single four-channel ana lys i s  of pu lses  f r o m  
a l l  survey gas counters connected i n  parallel. 
On those few occasions when the  spacecraf t ' s  
a t t i t u d e  m y  be determined by t h e  x-ray experi- 
ment, a g rea t e r  amount of s torage  i s  ava i l ab le  
and t h e  dot ted  output s i g n a l  l i n e s  become useful.  
On these  occasions an eight-channel ana lys i s  Of 
a l l  sjurvey counter pulses m y  be acquired as 
well  as a four-channel ana lys i s  of a l l  pu lses  
from the  pointed counters, not shown i n  Figure 5. 
A s  indicated i n  Figure 3, t h e  line-shaped f i e l d s  
of view of the  two de tec tor  systems are orthogo- 
nal. 
may a l s o  be obtained when spacecraf t  con t ro l  i s  
permitted. 

Therefore more prec ise  pos i t ion  information 

The va r i a t ion  of counter e f f ic iency  with 
energy is given i n  Figure 6. 
f o r  photon energies below 2 keV i s  due to t h e  
counter window which i s  equal t o  6 mils of 
beryllium plus 1/2 mi l  of mylar .  
are f i l l e d  with a gas mixture cons is t ing  of 
6 9 . 9  argon, 20% xenon, 1 6  methane, and 0.9 
helium. The xenon extends t h e  counter 's  u se fu l  
range t o  higher photon energies as compared t o  
t h e  range obtainable with t h e  P-10 (9016 argon- 
14 methane) gas  used previously ( see  Figure 6) .  
The argon-xenon mixture a l s o  minimized argon 
escape peak e f f e c t s  a r i s i n g  from photons more 
energetic than the  argon K-edge. It was f e l t  
t h a t  i f  xenon were t h e  p r inc ipa l  x-ray absorber, 
t h e  combination of t h e  small path length of t h e  
gas and L-M s h e l l  x-ray t r a n s i t i o n s  i n  t h e  xenon 
might produce an escape peak e f f e c t  which would 
unnecessarily complicate i n t e r p r e t a t i o n  of t h e  
lower-energy por t ion  of any spec t r a l  da t a  
obtained. 

The low ef f ic iency  

A l l  counters 

When as much as eight-channel coverage of a 
moderate range of pulse  he ight  i s  des i red ,  t h e r e  
i s  a choice t o  be made between use of stacked 
d iscr imina tors  and conventional clock-controlled 
analyzers. To provide redundancy while keeping 

TABLE 3 
Characteristics of detectors In OAO-A x-ray experiment 

2 Effec t ive  area (cm ) 
Fie ld  of v i e w  (sq. deg.) 
Possible pos i t i on  accuracy (deg. ) 
Energy range (keV) 
In t e rva le  i n  energy range 

Survey Counters 

50 t o  700 
2 ~ 8 ~ 1 5  

4.3 
2 t o  25 

4 (8 i f  i n  pointed mode) 

Pointed Counters 

70 t o  400 

4.1 
2 t o  -25 

4 i f  i n  pointed mode 

1/2 x 4 - 2 
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Fig. 6-X-ray counter efficiency versus photon 
energy for two different counter gases. 
Thc discontinuity near 3.2 keV arises 
from the K absorption edge of argon. 

the  quant i ty  of e lec t ronics  low, stacked d i s -  
cr iminators  were chosen here. The reso lu t ion  
obtained is indicated i n  Figure 7 which shows 
how port ions of the  spectrum from a Co57 c a l i -  
b ra t ion  source ( a s  measured by a 100-channel 
analyzer)  a r e  a l located t o  the  e igh t  channels 
of t he  f l i g h t  e lectronics .  A t  t he  higher photon 

400 

360 - Cos' SOURCE it A 

CHANNELNUMBER 

Flg. 7-M~lner  of division of spectrum of Cos7 
calibration source by 8-channel flight 
electronice. The portion of the spectrum 
appearing in each of the eight flight chan- 
nels was displayed on a 100-channel 
analyzer. 

energies, t he  width of a f l i g h t  channel i s  about 
twice the  inherent  reso lu t ion  associated with t h e  
s t a t i s t i c s  involved i n  the  de tec t ion  process 
i t s e l f .  

While stacked discr iminators  are w e l l  
sui ted t o  ana lys i s  of the  source spectra  a n t i -  
c ipated,  experience with t h i s  apparatus ind ica t e s  
t h a t  p a r a l l e l  use of four sets of eight-channel 
systems i s  a p rac t i ca l  l i m i t  f o r  t h i s  genera l  
procedure. The most important d i f f i c u l t i e s  
which arose were 1) measuring errors i n  esta- 
b l i sh ing  four  sets of discr imlnator  b iases ,  
2) temperature s h i f t s  i n  counters, t h e i r  e lec-  
t ron ics ,  and t h e  discr iminator  b iases  (over  t he  
400 t o  -4OOC temperature range an t ic ipa ted)  and 
3)  the  inherent  resolutioti  of t h e  gas counter 
i tself .  

A ROCKET-SIZED VENETIAN BLIND SYSTEM 

Figure 8 schematically i l l u s t r a t e s  t he  
configurat ion of a one-dimensional focusing 
instrument flown on an Aerobee rocket on 
September 30, 1965. The system was 0.9 meters 
long and the  t o t a l  e f f ec t ive  co l l ec t ion  aper ture  
was about 60 cm2 a t  photon energies  below 1.5 
keV. Although the  r e f l e c t i n g  surfaces  providing 
t h i s  aper ture  could have been arranged f o r  use 
with a s ingle  de tec tor ,  a combination of the 
small s i z e  of t he  system and the high angular 
reso lu t ion  of the  x-ray o p t i c s  made it physi- 
c a l l y  Impossible t o  place two gas  counters 
(desired f o r  redundance) i n  t h e  f o c a l  plane. 
For t h i s  reason, t he  system ac tua l ly  contained 
two complete 30 cm2 aper ture  Venetian b l ind  u n i t s  
ae  indicated.  Parabolic curvature  was approxi- 
mated i n  the  Venetian b l ind  itself by sub- 
dividing each of t he  four  r e f l e c t i o n  sur faces  
i n t o  a number of i d e n t i c a l  slats. Ehch of t hese  
slats was o p t i c a l l y  polished and then gold over- 
coated. 
aper ture  with photon energy shown i n  Figure 9 
i s  predicated on an i d e a l  gold-coated o p t i c a l  
system. 
t i o n  e f f e c t s  and below about one-half keV, t he  
e f f ic iency  est imate  could be i n  ser ious  e r r o r  
because of  a )  low dens i ty  of t h e  e v q o r a t e d  gold, 
o r  b)  low-atomic-number C O n ~ n a n t E  accumulated 
from exposure of t he  o p t i c a l  system t o  air. The 
angular f i e l d  of view of t h i s  p a r t i c u h r  in-  
strument was about 1/2O x 12'. 

The estimated va r i a t ion  of co l l ec t ion  

No allowance was made f o r  gold absorp- 

Fig. B-Schematlc of dual Venetian blind system 
flown on an Aerobee rocket on Septem- 
ber 30,  1965. 
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APPENDIX B 

Abstract of paper presented a t  the July 1966 meeting of the 
American Astronomical Society, t o  be published i n  

the Astronomical Journal 

MEASURESIENT OF STELLAR X-RAY SPECTRA 

PhUip C, Fisher and Paul Kirkpatrick 
Lockheed Palo Alto Research Laboratories 

Palo Alto, California 

A s  has proven t rue fo r  the sun, N 1s energy resolution s tudies  of 
t h e  spectra of s t e l l a r  x-ray sources may lead t o  determinations of 
elemental abundances and the variation with time of these abundances. 

By evaluation of absorption e f fec ts  on the lower-energy portion of a 
source's x-ray spectrum, information re la t ive  to  distance and/or the 
in t e r s t e l l a r  medium might a lso be obtained. 
(Ap. J, - 139, 123, 1964) had such investigations and a concept for  an 
appropriate spectrograph in mind when they pointed out t h a t  a 4-8 keV 

x-ray flux of the order of 0.3 photons sec'l seemed suf f ic ien t ly  
high t o  encourage attempting detailed spectral  measurements. 

t o  investigate the va l id i ty  of t h i s  spectrograph's design are  currently 
being made. 
2 keV range is  maintained by combining a special  curved diffract ion grat ing 
w i t h  a Venetian blind x-ray collector.  
posit ion along t h e  l i ne  being a measure of the  energy of the dispersed 
x-ray. 
of the instrument, a brief description w i l l  be given of the  spectrograph's 
characterist ics.  A conservative estimate indicates  t h a t  a complete 
3-meter long instrument may possess a minimum effective aperture (aUowing 
f o r  the inefficiency of a l l  of t h e  v i t a l  components) of a t  least 1 /6  cm 
f o r  photons less energetic than one keV. 
increase t h i s  aperture by a fac tor  of ten. 

Fisher and Meyerott 

Tests 

Continuous sens i t i v i ty  t o  photons throughout the 0.2 t o  

These opt ics  provide a l i n e  image, 

Util izing several spectrograms obtained from a laboratory mckup 

2 

Improvements might conceivably 

* Between January 1963 and April  1964, t h i s  work was supported by t h e  

Lockheed Independent Research Program. 
of the e f for t  has been under contract NASw-917 of the  National Aeronautics 
and Space Administration. 

Since t h e  lat ter time, most all 
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APPENDIX C 

L I S T I N G  OF FORTRAN PROGRAM FOR 

IDEALIZED- GRAT ING CALCULATIONS 

The more significant expressions used in the program are ident i f ied 
below, t h e  symbols of Figure 13 of the report being used wherever possible. 

PHIN 
P H I  

WN 

WP 

DN 

O R B  

DORIB 

T U  

NPG 

THETA 

Fa 
Rl? 

Fa 
TNDELX 

DELX 

Dx 

M 

LAMBW 

"/XS 

= P, of grating design 
= P, actual ly  used 

= A1 

= 1 2  

= d x a t x = O  

= diffract ion order actual ly  used 

= 

= 

= 

diffraction order of grating design 

t o t a l  length of grating surface in un i t s  of xs 

number of positions on each grating from which 
rays were traced 

= e  
= value of s / x s  f o r  hl 

= value of s/xs f o r  

"/XS 

= tangent of 6, 

= 6x 
= dx 

= z/xs a t  position x 

= arb i t ra ry  A 

= image plane posit ion wavelength h diffracted to ,  
= Y/XS i f  8 =I goo 



BEXECUTE IBJOB 
BIBJOB GO 
BIBFTC FXS L I S T  
C F o  X. So CONTINUOUS-ARRAY DESIGN PARAMETER 'ANALYSIS 
C Do T. ROETHIG PROGRAM THIRTEEN 9-17-64 
C THIS PROGRAM USES AN ITERATITIVE METHOD TO PERFORM PERFECT FOCCJSSING 
C I F  THE GRATING I S  CONTINUOUS AND RAISED FROM THE DETECTOR PLANE WITH 
C INCREASING X o  

DIMENSION B ( 8 O ) v  C ( 8 0 ) v  D ( 8 0 ) r  E ( 8 0 ) r  R X ( 8 0 ) i  TNDELX(8O)r DELX(80)  
1 Z X ( 8 0 ) r  D X ( 8 O ) i  H ( 8 0 v 1 2 ) v  R S ( 8 0 v 1 2 ) v  S R ( 2 4 ) r  XLMDA(AOt24 
2 ) v  W(12)r RLMDA(24)v RRS(12)v G ( 8 0 )  

1 OELXv O X *  DSQRTv DCOSv DSINv DATANv W e  SRv XLMDA 
2 v Hv RSr RXv  DELNv RRSv RLMDAi ORDRv DORDRv SUMv 
3 PHI, STORE, THETAv HNi  HPv Gv AAIBRI C C t  D O i  
4 EEv GGv 2x1 UXZt TLGv RW 

1 4  READ ( 5 ~ 1 5 )  PHINv PHII WNv W P v  DNv ORDRv EORDRt TLGv NPGv DATElv 
1 DATE2r THETAv ( S R ( K ) r  K = 3 r  241, W 

15 FORMAT ( 2 D 1 6 . 9 ~  2D9.1, 0 1 2 . 1 ~  2D9o1/ D10o4/ 121 A 6 r  A 2 /  D16o9/ 

DOUBLE PRECISION PHINv DNv WPv WNv RNv RPv Bv C v  Dv Ev TNDELXv 

1 8D10o3/ 8D10o3/ 6D1003/  6DlOo2/ 6D10.2) 
LL = NPG 
OELN = O o O O O  

C POSITIONS OF PERFECT FOCUS 
HN = DCOS(PH1N) - DORDR * WN/DN 
HP = DCOS(PH1N) - DORDR * WP/DN 
I F  ( loOD0 - HP*HP) 950, 17, 17 

17 RN ~ ~ D C O S ~ T H E T A ~ * ~ H N * H N ~ l o O D O ~ + H N * D S I N ~ T H E T A ~ * D S Q R T ~ l o O D O ~ H N * H N ~ ~ /  

RP ~~DCOS~THETA~*~HP*HP~loODO~+HP*DSIN~THETA~*DSQRT~loODO~HP*HP~~/ 
1 (HN*HN-DCOS(THETA)**2.ODO) 

1 (HP*HP-DCOS(THETA)**2.ODO) 
DO 2 5  I = 1 v  LL 

25 R X ( 1 )  = DBLE(FLOAT(I-l))*TLG/DBLE(FLOAT(NPG-l)) 
AA = (WP/WN - loODO)*DCOS(PHIN) 
BB = (WP/WN - l.ODO)*DSIN(PHIN) 
CC = (1oODO/BB)*(DSQRT(RP**2oODO+loODO) -(WP/WN)*DSQRT(RN**2oODO+ 
1 1oODO) 1 

RW = WP/WN 
ZX(l.1 = OoODO 
DO 40 I= 2 ,  LL 
DD = A A / B B * R X ~ I ~ ~ 1 o O D O / B B * D S Q R T ~ R P * * 2 ~ O D O + ~ l o ~ D O ~ R X ~ I ~ ~ * * 2 o O O O ~ + R W  

EE = A A / B B * R X ~ I ~ ~ 1 o O D O / B B * D S Q R T ~ ~ R P - D D ) * * 2 . 0 D O + ~ l o O D O ~ R X ~ I ~ ~ * * ~ o O D  
GG = (DD**2.OD0)/(2oODO*DD-tiE) 

1 /BB*DSQKT(RN**2~0DO+(l~ODO-RX(I~~**2oODO~+CC 

1 O ~ + R W / B B * D S Q R T ~ ~ R N ~ D D ~ * * 2 o O D O + ~ l o O D O ~ R X ~ I ~ ~ * * 2 ~ O D ~ ~ + C C  

3 4  I F ( G G )  950, 35r 35 
3 5  UXZ = A A / B R * R X ~ I ~ ~ 1 ~ O D O / B B * D S O R T ( ( R P - G G ~ * * 2 o O D O + ~ l o O D O ~ R X ~ I ~ ~ * * 2 o ~  

1 D O ~ + R W / B B * D S Q H T ~ ~ R N ~ G G ~ * * 2 ~ O D O + ~ l o O D O ~ R X ~ I ~ ~ * * 2 ~ O D O ~ + C ~  
IF(ABS(GG-UX2) - 1.00-11) 4 0 ~  40v 37 

37 GG= (UXZ + GG)/2.ODO 
GO TO 35 

4 0  Z X ( 1 )  = GG 
C CIRCULAR FUNCTION-OF-BETA ARRAYS FOR SUCCEEDING X POSITIONS 

DO 1 1 0  I = l r  LL 
B ( 1 )  = ~ 1 o O D O ~ R X ~ I ~ ~ ~ R N ~ Z X ~ I ~ ~ * D C O S ~ T H E T A ~ ~ / D S Q R T ~ ~ l o O D O ~ R X ~ I ~ ~ * * 2  
1 ~ 0 D O + ~ R N ~ Z X ~ I ~ ~ * * 2 ~ 0 D O ~ 2 . 0 D O * ( 1 . O D O - R X ( I ~ ~ * ~ R N ~ Z X ~ I ~ ~ * D C O S ~  
2 THETA) 1 

C ( 1 )  = ~ 1 o 0 D 0 ~ R X ~ I ~ ~ ~ R P ~ Z X ~ I ~ ~ * D C O S ~ T H E T A ) ) / D S Q R T ~ ~ l o O D O ~ R X ~ I ~ ~ * * 2  
1 o O D O + ~ R P ~ Z X ~ I ~ ~ * * 2 o 0 D O ~ 2 o O D O * ~ l o O D O ~ R X ~ I ~ ~ * ~ R P ~ Z X ~ I ~ ~ * D C O S ~  



2 THETA) 1 
D(I) = ~ ~ R N - Z X ~ I ~ ~ * D S I N ~ T H E T A ~ ~ / D S Q R T ~ ~ ~ . O D O - R X ~ I ~ ~ * * ~ . O D O + ~ R N - Z X ~  

E(1) = ~ ~ R P - Z X ~ I ~ ~ * D S I N ~ T H E T A ~ ~ / D S Q R T ~ ~ ~ . O D O - R X ~ I ~ ~ * ~ ~ ~ O D O + ~ R ~ - Z X ~  
1 I ~ ~ * * 2 ~ O D O ~ 2 ~ O D O * ~ 1 ~ O D O - R X ~ I ~ ~ * ~ R ~ ~ Z X ~ I ~ ~ * D C O S ~ T H E T A ~ ~  

1 I ~ ~ * * 2 ~ O D O ~ 2 ~ O D O * ~ 1 ~ O D O ~ R X ~ I ~ ~ * ~ R P ~ Z X ~ I ~ ~ * D C O S ~ T H E T A ~ ~  
C TANGENT OF DELTA X MATRIX AS A FUNCTION OF X POSITION 

i *(DSIN(PHI~)+D(I))-(DSIN(PHIN)+E(I))) 
TNDELX(I) = ~ ~ W P / W N ~ * ~ D C O S ~ P H I N ~ - R ( I ~ ~ - ~ D C O S ~ P H I N ~ - C ~ ~ ~ ~ ~ / ~ ~ W P ~ W N ~  

C DELTA X MATRIX 

C GRATING SPACING MATRIX AS A FUNCTION OF X POSITION 

1 IN)-C(I)-TNDELX(I)*(DSIN(PHIN)+E(I)))) 

DELX(1) = DATAN(TNDELX(I1) 
DX(1) = ~ D ~ R D R * W P ~ / ~ ~ ~ . O D ~ / ~ S Q R T ~ ~ . O ~ ~ + T N D E L X ~ I ~ * * ~ . O D O ~ ~ ~ ~ D C O S ~ ~ H  

DO 110 J=lv 12 
G(I) = DCOS(THETA)*DCOS(DELX(I)) - DSIN(THETA)*DSIN(DELX(I)) 
H(IvJ) = DCOS(PH1 + DELX(1))- ORDR * W(J)/DX(I) 

110 RS(I~J)=(H(I~J)*H(I~J)*DCOS(THETA)-G(I)*DCOS(DELX(I))+H(I~J)* 
1 D S O R T ( D C O S ( D E L X ( I ) ) * * 2 . O D O +  G(I)*G(I) - 2mODO*G(I)* 
2 DCOS(DELX(I))*DCOS(THETA) - H(IIJ)*H(IIJ)*DSIN(THETA)* 
3 * ~ ~ O D O ) ) * ( ~ . ~ ~ ~ - R X ( I ) ) / ( H ( I ~ J ) * H ( I I J ) - G ( I ~ * G ~ I ~ ~ + Z X ~ I ~  

DO 114 J = 1, 12 
STORE = O e O D O  
SUM = O - O D O  
DO 113 I = 1 r  LL 
STORE = SUM + RS(1vJ) 

113 SUM = STORE 
114 RRS(J) = DBLE(FLOAT(LL)) *(RS(LLvJ) - RS(lrJ))/SUM 

SR(1) = HN 
SR(2) = HP 
DO 115 I = 1, LL 
DO 115 K = l r  24 

115 XLMDA(1vK) = (DX(I)/ORDR)*(DCOS(PHI+DELX(I))-(((1.ODO-KX(I)-(SR(K) 
1 -ZX(I))*DCOS(THETA))*~COS(DELX(I))+(SR(K)-ZX(I))*~SIN 

3 ~ K ~ - Z X ~ I ~ ~ * * 2 ~ O D O - 2 . O D O * ~ 1 . O D O - R X ~ I ~ ~ * ~ S R ~ K ~ - ~ X ~ ~ ~ ~ *  
4 DCOS(THETA)))) 

2 ~ T H E T A ~ * D S I N ~ D E L X ~ I ~ ~ ~ / D S Q R T ~ ~ l ~ O D O ~ R X ~ I ~ ~ * * ~ ~ O ~ ~ + ~ S R  

DO 120 K=lr 24 
STORE = 0.000 
SUM = 0.0DO 
DO 116 I = 1 v  LL 
STURt = SUM + XLMDA(1rK) 

116 SUM = STORE 
120 RLMDA(K1 = DBLE(FLOAT(LL))*(XLMDA(lvK)-XLMDA(LLrK))/SUM 
200 FORMAT (1Hlv 36Xv 46HFXS CONTINUOUS-ARRAY DESIGN PARAMETER ANALYSI 

1st // 54Xr 16HPROGRAM THIRTEEN//51Xv 15HD. T. ROETHIG A6v A ? / / /  
2) 
WRITE (6r 210) PHINr PHI, WNr WPv DNv ORDRv DORDRv TLGr NPGv THETA 
1 r RNv RP 

WRITE ( 6 ~ 2 0 0 )  DATElv DATE2 

210 FORMAT (51x1 BHPHIN = 1PD15.8/ 
3 51Xr BHPHI = 1PD15.A/ 
1 5 1 % ~  BHWN = 1PDl5.A/ 
2 51x1 8HWP = 1PD15.8/ 
3 51x1 BHDN = 1PD15.8/ 
4 51Xv BHORDR = OPF3.0 / 
5 51Xv BHDORDR = OPF3.0 / 
6 S1Xv BHTLG = 1PD15.R/ 
7 51Xv BHNPG = I2/ 

1 
49 

99 
100 

106 
107 
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8 S1Xe BHTHETA = 1PD15.8// 
9 51x1 BHRN = 1PD15.R/ 
1 51x1 8HRP = 1PD15.R////) 

WRITE ( 6 r  2 2 0 )  ( R X ( I ) r  TNDELX(1)r D E L X ( 1 ) r  D X ( I ) r  Z X ( I ) r  I = t r  LL) 
220 FORMAT ( 1 1 X r  2HRXr 1 R X r  6HTNDELXr 1 4 x 1  4HDELXr 16x1 2HDXr 18x1 

1 3HZX // ( 1 0 x 1  l P 0 1 5 * 8 *  5 X v  1PD15.8~ 5Xv lPD15.8t 5Xv l P D l 5  
2 *8r 5Xr 1PD15.8)) 

WRITE ( 6 r 3 4 9 )  
349 FORMAT ( 1 H l r  2 1 X r  75H POSITIONS OF DETECTOR INTERCEPTS FOR PARTICU 

lLAR LAMBDAS AS A FUNCTION O F  X / / /  1 

1 r I = 1, LL) 
350 FORMAT (6x1 4HHX = I  5x1 1OHLAMBDA = PPD10.2. 5x1 10HL.AMBDA = 2PD 

1 1 0 . 2 ~  5 x 1  1OHLAMBDA = 2PD10.2~ 5Xv 1OHLAMBDA = 2PD10.3 / / 
2 / ( 5 X t  0PF6.3~ 4 x 1  l P D 2 1 . 1 4 ~  4 x 1  1PD21.14~ 4 x 1  1PD21.14r 4Xe 
3 1PD21.14)) 

WRITE (6r  3 5 0 )  W ( l ) r  W(2)r W(3)r W ( 4 ) r  ( R X ( I ) r  ( R S ( 1 r J ) r  J= l r 4 )  

WRITE (6,351)  ( R R S ( J ) r J = l r  4) 
351 FORMAT ( / 6 X v  7HRESOLTN v 2 X  t 1PD21.14~ 4Xv 1PD21.141 4x9 1PD21 

1 0 1 4 ~  4 x 1  lPD21.14) 

1 r I = 1, LL) 
4 0 0  FORMAT ( / / / 6 X *  4HRX = P  5x1 1OHLAMBDA = 2 P 0 1 0 . 2 ~  5 X r  lOHLAMRnA = 

1 2PD10.2r 5x1 lOHLAMBDA = 2PD10.2t 5 X v  lOHLAMBOA = 2PD10.2 
2  XI 0PF6.3~ 4 x 1  1PD21.14~ 4Xr 1PD21.14, 4 x 1  1PD21.14~ 
3 4 x 1  1PD21.14)) 

WRITE (61 400) W(5) r  W ( 6 ) e  d ( 7 ) r  W ( 8 1 r  ( R X ( I ) r  ( R S ( I * J ) r  J= 5rR) 

WRITE ( 6 r 4 0 1 )  ( R R S ( J ) r J = 5 r  8) 
4 0 1  FORMAT ( / 6 X v  7HRESOLTNr 2x1  l P D 2 1 0 1 4 r  4Xv 1PD21.14~ 4 x 1  1PD21.14~ 

1 4 x 1  1PD21.14) 

1 1 r I = l r  LL) 
450 FORMAT ( / / / 6 X t  4HRX = t  5 x 1  1OHLAMBDA = 2PD10.2~ 5 X e  LOHLAMBDA = 

1 2PD10.2~ 5 x 1  1OHLAMBDA = 2 P D 1 0 . 2 ~  5x1 1OHLAMBDA = 2PD10.2 
2  XI OPF6.3, 4 x 1  l P D 2 2 0 1 4 r  4 X r  lPD21014r  4 x 1  lPD21014r  
3 4 x 1  1PD21.14)) 

WRITE (6 r  4 5 0 )  W ( 9 ) r  W ( l O ) r  W ( 1 1 ) r  W ( 1 2 ) r  ( R X ( 1 ) r  ( R S ( 1 r J ) r  J = 9 r 1 2  

WRITE ( 6 ~ 4 5 1 )  ( R R S ( J ) r  J=9r12) 
451 FORMAT (16x1 7HRESOLTNr 2 X r  1PD21.14~ 4 x 1  1PD21.14~ 4 X r  1PD21.14t 

1 4x1 1PD21.14) 
WRITE ( 6 ~ 5 0 0 )  

500 FORMAT ( 1 H l r  27x1 63HVALUES OF LAMBDA FOR PARTICULAR S INTERCEPTS 
1AS A FUNCTION O F  X / / / 1 

1 K = l r  41, I = l r  LL) 
WRITE (6 r  5 5 0 )  S R ( 1 ) r  S R ( 2 ) r  S R ( 3 ) r  S R ( 4 ) r  ( H X ( I ) r  (XLMDA(1rK)r  

550 FORMAT ( 3 X v  4HRX 1 0 x 1  6HS/XS = r  D14.7r 5Xe 6HS/XS = t  D l 4 . 7 ~  5Xr 
1 6HS/XS = t  014.7, 5 x 1  6HS/XS 014.7 / / / ( 2 X ,  0 P F h . 3 ~  1 0 X ~  
2 1PD20.13~ 5 X t  l P D 2 0 . 1 3 ~  5 x 1  l P D 2 0 . 1 3 ~  5 X v  1PD20.13)) 

WRITE (6,551) (RLMDA(K)r K = l r  4) 
5 5 1  FORMAT ( / ~ X P  10HRESOLUTIONt 5 X *  1PD20.13~ 5 x 1  l P D 2 0 0 1 3 r  5 X v  1P020. 

1 1 3 ~  5x1  1PD20.13) 
WRITE (6r  6 0 0 )  S R ( 5 ) r  S R ( 6 ) r  SR(7)r S R ( R ) r  ( R X ( I ) r  (XLMDA(1rK)r  

1 K = 5, 81, I = 1, LL) 
6 0 0  FORMAT  XI 4HRX 1 0 X ~  6HS/XS = P  014.7, 5 X v  6HS/XS = #  D14o7r  

1 5Xr 6HS/XS = O  014.7, 5 X t  6HS/XS = r  Dl4.7  XI 0 P F 6 . 3 ~  1 0  
2 X p  1PD20.13r 5 X t  l P D 2 0 0 1 3 r  5 X v  1PD20.13~ 5x1 1PD20.13)) 

WRITE ( 6 ~ 6 0 1 )  ( R L M i ) A ( K ) r  K=5r 8) 
6 0 1  FORMAT ( / 3 X ,  1OHRESOLUTIONI 5 X *  lPD20.13r 5x1 1PD20.13~ 5x1 1PD20. 

1 13e 5x1 lPD20.13) 

1 r K = 9 r  121, I = l r  LL) 
WRITE (6, 6 5 0 )  SR(9)r SR(lO)r S R ( 1 l ) r  S R ( 1 2 ) r  ( R X ( I ) r  (XLMDA(1rK) 



I 

6 5 0  FORMAT ( / / / ~ X P  4HRX = e  l o x ,  6HS/XS = P  D14.7, 5x1 6HS/XS = r  D14.78 
1 5 X v  6HS/XS = e  014.7, 5Xv 6HS/XS = e  014.7 / / / ( ~ X P  0 P F h . 3 ~  1 0  
2 XI 1 P 0 2 0 * 1 3 *  5Xv 1PD20.13~ 5Xr lPD20.13, 5 X e  1PD20.13)) 

WRITE (6,651)  (RLMDA(K1, K=9, 1 2 )  
651 FORMAT ( / 3 X t  lOHRESOLUTION, ~ X P  lPD20.13r 5 x 1  1PD20.13r 5X, lPD20. 

WRITE (6, 7 0 0 )  S R ( 1 3 ) , S R ( 1 4 ) *  S R ( 1 5 ) r  S R ( 1 6 ) r  ( R X ( I ) e  (XLMDA(1rK) r  

7 0 0  FORMAT (1H1, 3 X ,  4HRX = P  1 0 X ~  6HS/XS =)  D14.7, 5 X v  6HS/XS = ~ D 1 4 * 7 t  

1 13, 5 X t  1PD20.13) 

1 K=13v 161, I=1, LL) 

1 5 X v  6HS/XS = v  014.7, 5 x 1  6HS/XS = r  014.7 / / / ( ? X r  0 P F 6 . 3 ~  1 0  
2 X, 1PD20.13~ 5Xv 1PD20.13, 5X, 1PD20.13~ 5Xv 1PD20.13)) 

W R I T L  (6 ,701)  ( R L M D A ( K ) v  K = 1 3 *  16) 
7 0 1  FORMAT ( / ~ X P  ~OHRESOLUTIONI 5Xv 1P020-13,  5 X e  1PD20.13, 5 x 1  1PD20. 

W R I T t  (6, 7 5 0 )  S R ( 1 7 ) v S R ( l B ) r  SR(191 ,  S R ( 2 0 ) v  ( R X ( I I ,  (XLMDA( IeK) r  
1 13, 5Xp lPD20.13) 

1 K=17,  201, I = l v  LL) 
7 5 0  FORMAT ( / / /3X,  4HRX = V  1 0 X ~  6HS/XS = t  D14.7, 5 x 1  6HS/XS = e  D14.7r 

1 5 X e  6HS/XS = V  D 1 4 . 7 ~  5x1 6HS/XS = r  Dl4 .7  / / / ( 2 X t  OPFh.38 1 0  
2 XI l P D 2 0 . 1 3 ~  5Xv 1PD20.13, 5Xr 1PD20.13, 5Xv lPD30.13) )  

WRITE(6 t800)  (HLMDA(K1, K=17r 20) 
800 FORMAT ( / 3 X t  LOHRESOLUTION~ 5 x 1  1PD20.13, 5 X v  1P020.13* 5Xt  1PD20. 

WRITE (6,850)  S R ( 2 1 ) r  S R ( 2 2 ) r  SR(23)v  S R ( 2 4 ) e  ( R X ( I ) r ( X L M D A ( l r K ) ,  
1 13, 5Xv 1PD20.13) 

1 K =  2 1 r  241, I=l, LL) 
850 FORMAT ( / / / 3 X t  4HRX = e  l o x ,  6HS/XS = V  D14.7, 5 X ,  6HS/XS = t  D 1 4 . 7 ~  

1 5Xv 6HS/XS = e  014.7, 5Xe 6HS/XS = P  D 1 4 . 7 / / / ( 2 X ~  OPFh.3P 1 0  
2 X P  1PD20.13, 5 X ,  1PD20.13~ ~ X P  1PD20.13~ 5Xv lPD20.13) )  

WRITE (6 ,900)  (RLMDA(K)v K=21, 34) 
9 0 0  FORMAT ( / 3 X t  10HRESOLUTION~ 5Xt  1PD20.13~ ~ X P  1PD20.13~ 5Xt  1PD20. 

1 13, 5Xv 1P020.13) 
GO TO 1 4  

9 5 0  WRITE (6, 9 5 5 )  DATE1, DATE2r PHINP PHI, WN, WPr DtJv ORDR, DORDR, 

9 5 5  FORMAT ( 1 H l r  4 1 x 1  42HCONTINUOUS-ARRAY DESIGN PARAMETER ANALYSIS / 
1 TLGt NPG, THETA 

1 5 5 x 1  16HPROGRAM THIRTEEN / 5 1 X ,  15HD. T. ROETHIG v A h ,  
2 A 2  / / / /  
2 5 1 X ~  BHPHIN = 1PD15.R/ 
3 5 1 x 1  BHPHI = 1PD15.R/ 
4 5 1 X ~  RHWN = 1PD15.8/ 
5 S1Xt 8HWP = 1PD15.R/ 
6 51Xt  8HDN = 1PD15.8/ 
7 5 1 X ~  RHORDER = OPF3.0/ 
8 51Xt  BHDORDERz OPF3.0/ 

1 51Xv 9HNPG = I 2 /  

5 10Xe 67HTHE INPUT PARAMETERS LISTED ABOVE DO NOT CORRESPON 
bD TO A PHYSICALLY / l o x ,  6hHREALIZABLE CONFIGURATION* OR THE F I R  
9ST VALUE OF Z/XS WAS NEGATIVE.) 

9 5 1 x 1  BHTLG = 1PD15.8/ 

2 51Xt  8HTHETA = 1PD15.R// 

WRITE. (6, 9 5 b )  A A t  RBI C C t  DDt EEt GGP I 
9 5 6  FORMAT ( / / l o x ,  4HAA =1PD27.20/ 

1 l o x ,  4HRB =lPD27.20/ 
2 l o x ,  4HCC =1PD27.20/ 
3 1 O X t  4HDD =1P027.20/ 
4 1 0 x 1  QHEE =1PO27.20/ 
5 1 O X t  4HGG =1PD27.20/ 
6 1 O X e  4HI =I61 

GO TO 1 4  
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APPENDIX D 

LISTING OF FORTRAN PROGRAM FOR 

PRACTICAL-QIATING CALCULATIONS 

The =re s ignif icant  expressions used in the  program are ident i f ied  

below, t h e  symbols of Figure 13 of t h e  report being used wberever possible. 

PHIN 

PHI 

WN 

WP 

DN 

CIIECKD 

ORDER 
DORDER 

GEL 

NEL 

NSUB 

T” 
RN 

RP 

BDEIX 

BDX 

RHO 

LAMBaA 
S I X s  

@ of grating design 
4 ac tua l ly  used 

A2 
dx a t  x = 0 

computer check t o  see tha t  6, ($ = 0) i s  correct 

diffract ion order ac tua l ly  used 
diffract ion order of grating design 
length of grating element in un i t s  of xs 

number of grating elements 
number of different  groove spacings per 

grating element 

value of s/xs f o r  hl 

Value of s/xs f o r  

S 

e 

dX 

radius of grating element, in un i t s  of xs 

a rb i t r a ry  
image plane position wavelength h diffracted to ,  
= Y/XS if  e = goo 



BEXECUTE IBJOB 
BIBJOB GO 
BIBFTC FXS L I S T  
C F.X.S. DISCONTINUOUS-ARRAY DESIGN PARAMETER ANALYSIS 5 
C De T. ROETHIG PROGRAM TWELVE 9-1-64 
C THIS PROGRAM APPROXIMATES THE CONTINUOUS CASE BY D I V I D I N G  THE A R R A Y  INTO 
C CONCAVE SEGMENTS OF A PARTICULAR RADIUS O F  CURVATURE THE DETERMINATION FOR 
C WHICH THERE ARE THREE IPTIONS. OPTION (1) GIVES THE ' I N F I N I T E '  RHO AT THE 

C OPTION (3) ALLOWS THE RHOS TO BE READ IN,  EACH ELEMENT I S  DIVIDED INTO 
C SUBELEMENTS EACH HAVING THE I N F I N I T E  CASE SPACING. DX I S  CHOSEN FROM THE. 
C CENTER OF EACH SUBELEMENT. 

C ENDS OF THE ELEMENTS. OPTION ( 2 )  MAKES ALL THE RHO'S THE AVERAGE RHO. 

DIMENSION R X ( 1 9 3 ) ~  TNDELX(193)r RH0(1931*  B R X ( 1 9 3 ) r  
1 DELX(193) r  D X ( 1 9 3 ) v  HUX(193)e RDELX(193)r  
2 S H ( 2 4 ) r  X L M D A ( 1 9 3 r 2 4 ) ~  RLMDA(24)v R S ( 1 9 3 r 1 2 ) r  R R S ( l 3 ) r  
3 W(12)  

DOUBLE PRECISION HNI HP, RN, RP, DSIN, DSQHT, DCOSI R X v  Z I  GEL, 
1 Be C P  01 E, TNDELXI PHIN, DELX, DX, RDX, CDELX 
2 IBDELXV STORE, SUMP DNv WP, WNI DATANI OHDRI DORDRI THETA 
3 P SRv XLMDAI RLMDA, GI H, RSI RRSI W I  PHI,  DELNv CHECKD 
4 t CONST, BRX, RHO 

1 4  READ (5,161 OPTIONP NOPT P PHINI PHII WN, WPI DNI ORDR 
1 e DORDHI GEL, DATE1, DATE2, THETA, NSUBv NELI ( S R ( K ) r  
2 K = 3 r  241, W 

16 FORMAT ( P 6 t  I 2 /  2016.9, 2D9.1, D 1 2 . l ~  2D9.1/ D l l . k /  A 6 r  A 2 1  D lh .9 /  
1 110, 1 1 0 1  8D10.3/ RD10.3/ 6D10.3/ 6D10.2/ 6010.2) 

DELN = O - O D O  1R 

HN = DCOS(PH1N) - DOROR * WN/DN 
HP = DCOS(PH1N) - OORDR * WP/DN 

C POSITIONS OF PERFECT FOCUS 

I F  ( 1 . O D O  - HP*HP) 950, 17, 17 
17 RN ~ ~ D C O S ~ T H E T A ~ * ~ H N * H N ~ l ~ O D O ~ + H N * D S I N ~ T H E T A ~ * D S Q R T ~ l ~ O D O ~ H N * H N ~ ~ /  

1 (HN*HN-DCOS(THETA)**2oODO) 
RP = ( D C O S ( T H ~ T A ) * ( H P * H P - 1 . O D O ) + H P * D S I N ( T H E T A ~ * D S Q R T ~ l ~ O D ~ ~ H P * H P ~ ~ /  

1 (HP*HP-UCOS(THETA)**2.000) 
M A X  = NEL*NSUB*2 + 1 
DO 55 I = 1, M A X  
R X ( 1 )  = (DBLEtrLOAT(I ) ) - l .ODO)*GEL/(DRLE(FLOAT(NSUR))*2oODO) 
Z = R X ( 1 )  39 

C CIRCULAR FUNCTION-OF-BETA MATRICIES FOR SUCEEDING X POSITIONS 40 
B = ( loOD0 -2 -RN*DCOS(THETA))/DSQRT((l.ODO-Z)**2~ODO+RN*RN-2.0 

1 DO*(l.ODO-Z)*RN*DCOS(THETA)) 
C = (l .On0 -2 -RP*DCOS(THETA))/DSQRT((l~ODO~Z~**2~ODO+RP*RP~2~0 

1 DO*(l.ODO-Z)*RP*DCOS(THETA)) 
D = ~ R N * D S I N ~ T H E T A ~ ~ / D S Q R T ~ ~ l ~ O D O ~ ~ ~ * * 2 . 0 D O + H N * R N ~ 2 ~ O D O * ~ l ~ O D O  

E = ~ H P * D S I N ~ T H E T A ~ ~ / D S Q R T ~ ~ l ~ O D O ~ Z ~ * * 2 ~ O D O + R P * R P ~ 2 ~ O D O * ~ l ~ ~ D O  
1 -Z)*RN*DCOS(THETA) 1 

1 -Z)*RP*DCOS(THETA)) 
C TANGENT OF DELTA X MATRIX AS A FUNCTION OF X POSITION 4 9  

C DELTA X MATRIX 53 
DELX(1)  = DATAN(TNDELX(1)) 53 

C GRATING SPACING MATRIX AS A FUNCTION OF X POSITION 5 4  
55 D X ( I )  = ~ D O H D R * W N ~ / ~ ~ 1 ~ O U O / ( D S O R T ( 1 . 0 0 0 + T N D E L X ~ I ~ * * 2 ~ O ~ O ~ ~ ~ * ~ ~ ~ ~ O S  55 

TNDELX(1) = ((WP/WN)*(DCOS(PHIN)-B )-(UCOS(PHIN)-C ) ) / ( (WP/WN) 
1 * (DSIN(PHIN)+D ) - (DSIN(PHIN)+E 1 )  

C INDEXING OF GRX UNDER L 
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BRX(1) = R X ( 1 )  
NN= MAX - 1 

K = MAX - 2 
DO 66 L=3r KI  2 

N = L-1 

BRX(NN) = RX(MAX1 

BRXtL)  = R X ( L )  

66 BRX(N) = R X ( L )  
C INDEXING OF BDX UNDER L 

DO 6 7  L=2r NNr 2 
N = L - 1  
BDX(L1 = DX(L)  

67 BDX(N) = DX(L )  

6 8 M = 1  

GO TO (68, 68r 7511 NOPT 
C START OPTION ONE -- CALCULATION OF RHO FOR EACH L 

J = 2*NSUE 
N = 2*NSUB + 1 
NN = 2*NEL*NSUB 

69 CONST = GEL*DCOS(DELX(N))/DSIN(DELX(N)-DELX(M)) 
DO 70 L=Mr J 

I F  ( J  - NN) 7 0 5 r  71r 71 
7 0 5  M = M + 2*NSUB 

N = N + 2*NSUB 
J = J + 2*NSUB 
GO TO 69 

70 RHO(L) = CONST 

71 GO TO ( 82r 72r 75)rNOPT 
C START OPTION TWO 0- CALCULATION OF AVERAGE RHO 

72 STORE = OOODO 
N = 2*NSUB 
NN= 2*NSUB*NEL 

STORE = STORE/DBLE(FLOAT(NEL)) 

DO 73 L=Nr NNr N 
73 STORE = STORE + RHO(L) 

74 RHO(L) = STORE 
DO 74 L= l r  NN 

GO TO 82 
C START OPTION THREE -- READING I N  O F  A RHO FOR EACH ELEMENT AND 
C DEFINING I T  UNDER L 

75 N = 2*NSUB 
NNN = 2*NSUB*(NEL-l) + 1 

76 R E W ( 5 r 7 7 1  fRHO(L)r  L = l r  NNNr N) 
77 FORMAT (4020.101 
7 8 M = 1  

79 CONST = RHO(M) 
YM = 2 

DO 8 0  L = MMr N 

I F (  N NNN) 811 82r 8 2  
8 0  RHO(L) = CONST 

81 M = M + 2 * NSUB 
MM = MM + 2*NSUB 
N = N + 2*NSUB 
GO TO 79 

8 2 M = l  
N = 2*NSUB 
NN= 2*NSUB*NEL 

825 DO 83 L = MI N 



83 BDELX(L1 = D c \ T A N ( ( B R X ( L ) - B H X ( M ) ) / ( R t i O ( L ) * D C O S ( D E L X ( M ) ) ) + T N D E L X ( M ) )  
I F  ( N  - NN) 84, 8 5 r  8 5  

8 4  M = M + 2*NSUB 
N = 1'4 + 2*NSUB 
GO TO 825 
START MAIN CALCULATIONS 

85 NN = 2*NSUH*NEL 
LL = 2*NSUB*NEL 
DO 88 L= 1, NN 
G = DCOS(THETA)*DCOS(BDELX(L))-DSIN(THETA)*DSIN(BDELX(L)) 
DO At3 J=l, 1 2  
H = DCOS(PHI+BDELX(L) ) -ORDR*WO/HDX(L)  

88 R S ( L v J )  = (H*H*DCOS(THETA) - G*DCOS(HDELX(L) 1 + H*DSQRT(DCOS(RDELX 
1 (L))**2.ODO + b * G  - 2.0DO*G*DCOS(RDELX(L))*DCOS(THETA) - 
2 H*H*DSIN(THETA)**2.ODO))*(l.ODO - R X ( L ) ) / ( H * H  - G*G) 

DO 1 0 4  J = l r  1 2  
STORE = O o O D O  
SUM = O.0DO 
DO 1 0 3  L = l r  LL 
STORE = SUM +RS(L,J) 

103 SUM = STORE 
1 0 4  RRS(J) = DBLE(FLOAT(LL1) * ( R S ( L L r J )  - R S ( l , J ) ) / S U M  

S R ( 1 )  = RN 
SR(2)  = HP 
DO 94 L = l r  NN 
DO 9 4  K = l r  2 4  

94 XLMDA(L,K) = ( B D X ( L ) / O R D R ) * ( D C O S ( P H I + B D E L X ( L ) ) - ( ( ( l ~ O ~ O -  HX(L)-SR(K 
1 ) *DCOS(THETA) ) *DCOS(RDELX(L) )+SR(K) *DSIN(THETA)*DSIN(  
2 BDELX(L)))/DSQRT((l.OOO- RX(L))**2.0DO+SR(K)*SR(K)-2. 
3 000*(1.0DO- R X ( L ) ) * S R ( K ) * D C O S ( T H E T A ) ) ) )  

DO 111 K = l r  24 
STORE = OoODO 
SUM = O o O D O  
DO 110 L = l ,  LL 
STORE = SUM + XLMDA(LvK1 

110 SUM = STORE 
111 RLMDA(K1 = DBLE(FLOAT(LL) ) * (XLMDA( l tK) -XLMDA(LL,K) ) /SUM 

1 1 4  FORMAT ( l H 1 ,  3 9 X v  45HDISCONTINUOUS-ARRAY DESIGN PARAMETER ANALYSIS 
1 /56X, 14HPROGRAM TWELVE /SIX,  15HD. T. ROETHIG v A 6 t  A 2 / / / /  
2 59x1 A 6 ,  12//) 

1 NEL, IJSUBr THETA, RN, RP 

WRITE ( 6 ~ 1 1 4 )  DATE1, DATE2r OPTION, NOPT 

WRITE (6, 115) PHIN, PHI ,  WNv  PI ON, CHECKDe ORDR, DORDH, GEL, 

115 FORMAT ( 5 1 X ~  BHPHIN = 1PD15.8/ 
3 5 1 X ~  BHPHI = 1P015.8/ 
4 51Xe BHWN = lPD15.8/ 
5 51x1 BHWP = 1PD15.A/ 
6 51Xe BHDN = 1PD15.8/ 
5 51x1 BHCHECKDZ 1PD15.R/ 
7 5 1 X ~  BHORDER = OPF3.0/ 
0 51Xe BHDORDERZ OPF3.0/ 
9 5 1 X ~  BHGEL = 1PD15.8/ 
1 5 1 X ~  9 H M L  = I 2 /  
2 51Xr 9HNSUH = I 2 /  
2 51Xv BHTHETA = 1PD15.8// 

4 51Xt 8HRP = 1PD15.8/// /)  
3 5 1 X e  8HRN = 1PD15.8/ 

WRITE (6, 1 2 1 )  (BRX(L) ,  UDELX(L) ,  B D X ( L ) ,  RHO(L) ,  L= l ,  LL) 

A5 

9P 
99 

100 
101 
103 
103 

93 

9 5  
96 

1 0 5  
1 0 6  
107 
1 O R  
109 
1 1 0  



121 FORMAT ( 1 1 X v  3HBRXp 2 7 x 1  5HBDELXt 25x1 3HBDXv 2 7 X v  3HRHO// 
1 ( 5 x 1  1PD20.8, 1 0 x 1  1PD20.8~ l o x ,  lPD20.81 1 0 x 1  lPD20.R)) 

WRITE (6,349)  
3 4 9  FORMAT ( 1 H l r  21Xe 75H POSITIONS OF DETECTOR INTERCEPTS FOR PARTICU 

WRXTE (6,350) W ( l ) r  W(2) r  W ( 3 ) r  W(4)v ( R R X ( L ) r  ( R S ( L e J ) r  J=1,4) 

350 FORMAT (6x1 4HRX = r  5 x 1  lOHLAMBDA = 2PD10.29 5x1 lOHLAMt3DA = 2PD 

2 / (5X,  OPF6.3, 4x1 lPD21.14r 4Xv lPD21.14, 4Xv 1PD21.14~ 4 x 1  

LLAR LAMBDAS AS A FUNCTION OF X / / /  1 

1 L= l r  LL) 

1 10.2, 5 x 1  1OHLAMBDA = 2PD10.2, 5x1 1OHLAMBDA = 2PD10.2 / / 

3 1PD21.14)) 
WRITE (6,351) ( R R S ( J ) r J = l r  4) 

351 FORMAT (16x1 7HRESOLTN t 2 X  P 1PD21.14~ 4 x 1  1PD21.14~ 4Xv 1PD21 
1 014, 4Xt  1PD21.14) 

1 t L = l r  LL) 

1 2PD10.2, 5x1 lOHLAMt3DA = 2PD1002* 5Xv IUHLAMHDA E 2F21C.2 
2 / / / ( 5 X t  0PF6.31 4 x 1  1PD21.14~ 4 x 1  l P D 2 1 . 1 4 ~  ~ X V  1PD21.14~ 
3 4x1 1PD21.14) 1 

WRITE (6,400)  W(5)v W ( 6 ) v  W(7)t W ( 8 ) p  ( R R X ( L ) v  (RS(LIJ)V J = 5 r R )  

400 FORMHT i i i i i X ~  %:!EX - P  5 Y .  InHLAMRDA = 2PD10.2, 5 X v  lOHLAMBDA = 

WRITE (6,401)  ( R R S ( J ) r J = 5 r  8) 
4 0 1  FORMAT (16x1 7HRESOLTNt 2x1  l P D 2 1 . 1 4 ~  4Xv 1PD21.14, 4x1 1PD21.14, 

1 4 x 1  1PD21.14) 

1 1 .  C = l c  LL) 

1 2PD10.2, 5 X p  1OHLAMRDA = 2PD10.2, 5x1  lOHLAMBDA = 2PD10.2 
2 / / / (5X,  OPF6.3, 4 x 1  1PD21.14~ 4Xe 1PD21.14~ 4X, 1PD21.111. 
3 ~ X P  lPD21.14))  

WRITE ( 6 ~ 4 5 0 )  W(9)t W ( l O ) r  W ( 1 1 ) t  W ( 1 2 ) e  (RRX(L)e ( R S ( L , J ) v J = 9 r l 2  

4 5 0  FORMAT ( / / /6X,  4HRx = r  5Xe lOHLAMBDA = 2PD10.2~ 5 X v  lOHLAMBDA = 

WRITE (6,4511 ( R R S ( J ) r  J=9r12) 
4 5 1  FORMAT ( / 6 X t  7HRESOLTNt 2x1  1PD21.14~ 4 x 1  lPD21.14, 4 x 1  1PD21s14r 

1 ~ X V  1P021.14) 
WRITE (6,500)  

500 FORMAT ( 1 H l r  27Xv 63HVALUES OF LAMBDA FOR PARTICULAR S INTERCEPTS 
1AS A FUNCTION OF X / // 1 

1 K = l t  41, L=l r  LL) 
WRITE (6,550)  S R ( l ) r  S R ( 2 ) r  S R ( 3 ) r  S R ( 4 ) r  ( B R X ( L ) r  (XLMDA(L,K)r 

550 FORMAT ( 3 x 1  4HRX = t  1 0 x 1  6HS/XS D 1 4 . 7 ~  5 X e  6HS/XS = e  D l U 0 7 r  5x1 
1 6HS/XS D 1 4 . 7 ~  5x1 6HS/XS = V  014.7 / / / (2X,  OPF6.3, 1 0 x 1  
2 1PD20.13~ 5 x 1  lPD20.13, 5 X t  lPD20.13r 5x1 1PD20.13)) 

WRITE (6 ,551)  (RLMDA(K1, K = l r  4) 
5 5 1  FORMAT ( / 3 X *  lOHRESOLUTION* 5x1 1PD20.13, 5x1 1PD20.13~ 5x1 1PD20. 

1 13, 5X, 1PD20.13) 
WRITE (6,600)  S R ( 5 ) v  S R ( 6 ) v  S R ( 7 ) r  SR(R) r  ( B R X ( L ) r  (XLMDA(L*K)r  

1 K=5,0), L = l r  LL) 
6 0 0  FORMAT ( / / / 3 X ,  4HRX =I 1 0 x 1  6HS/XS = t  Dl4.7, 5x1 BHS/XS D 1 4 . 7 ~  

1 5x1 6HS/XS = V  0 1 4 . 7 ~  SX, 6HS/XS = P  D14.7  XI OPF6.3, 1 0  
2 XI 1PD20.13~ 5 x 1  lPD20.13t.5X, l P D 2 0 . 1 3 ~  5 x 1  lPD30.13) )  

WRITE (6 ,601)  (RLMDA(K)r K=5, 8) 
6 0 1  FORMAT ( / 3 X t  lOHRESOLUTION, 5 x 1  1PD20.13t 5x1 1PD20.13~ 5x1 1PD20. 

1 13, 5 x 1  1PD20.13) 
WRITE (6,650)  S R ( 9 ) r  S R ( 1 0 ) v  SR(11)v SR(12)v  ( B R X ( L ) r  (XLMDA(LeK1 

1 K=9, 121, L=lv LL) 
6 5 0  FORMAT ( / / / 3 X ,  4HHX = V  1 0 x 1  6HS/XS =I D 1 4 . 7 ~  5x1 6HS/XS = t  D 1 4 . 7 ~  

1 5Xr 6HS/XS = e  D 1 4 . 7 ~  5Xv 6HS/XS = V  D l 4 - 7   XI 0 P F h - 3 ~  10 
2 XI 1PD20.13, 5Xv l P D 2 0 . 1 3 ~  5x1 1PD20.13~ 5 X r  1PD20.13)) 

WRITE (6 ,651)  (RLMUA(K)r K=9, 1 2 )  
6 5 1  FORMAT (13x1 lOHRESOLUTION, 5 x 1  1PD20.13, 5x1 l P D 2 0 . 1 3 ~  5 x 1  lPD20. 
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1 13, 5 X v  1PD20.13) 
WRITE ( 6 ~ 7 0 0 )  SR(13)v  SH(14)v  S R ( 1 5 ) r  S H ( l 6 ) v  (BRX(L)v  (XLMDA(Lv 

1 K I P  K=13* 1 6 ) r  L= lv  LL) 
7 0 0  FORMAT ( 1 H l v  3 X v  4HRX = v  1 O X v  6HS/XS = v  D14.7, 5 x 1  6HS/XS = r 0 1 4 . 7 ~  

1 5Xv 6HS/XS = e  014.7, 5x1  6HS/XS D14.7 / / / ( 2 X t  0 P F h . 3 ~  1 0  
2 X e  1PD20*13*  5Xv 1PD20.13* 5Xt  1 P 0 2 0 . 1 3 ~  5 x 1  lPD20.13) )  

WRITE (6 ,701)  (RLMDA(K)r K = 1 3 v  16) 
7 0 1  FORMAT ( / 3 X v  10HRESOLUTIONv 5Xv 1PD20.13r 5 X v  1PD20.13, 5x1  1PD20. 

1 13, 5 x 1  1PD20.13) 
WRITE (6,750)  SR(17)v  S R ( 1 8 ) v  S R ( 1 9 ) r  SR(2O)r  (RRX(L)v (XLMDA(Le 

750 FORMAT ( / / /3Xv 4HRX = r  1 0 x 1  6HS/XS = t  D14.7r 5 X v  6HS/XS = t  D 1 4 * 7 *  
1 5Xv 6HS/XS = P  014.7, 5 X v  6HS/XS = P  D14.7 / / / ( 2 X v  0PFh.31 1 0  
2 X v  1PD20.13~ 5Xv lPD20.13r 5 X v  l P D 2 0 0 1 3 r  5x1 1PD20.13)) 

1 K ) v  K=17v 201, L=lvLL) 

WRITE(6,BOO) (HLMDA(K)v K=17v 2 0 )  
800 FORMAT ( / 3 X v  10HRESOLUTIONv 5x1 1P020013r  5x1 1 P D 2 0 . 1 3 ~  5 X v  1P020. 

1 13, 5Xv lPD20.13) 

1 K )  v K=31v24)  v L=3 *LL) 
WRITE ( 6 ~ 8 5 0 )  S R ( 2 1 ) v  SR(22)v  S R ( 2 3 ) r  S R ( 2 4 ) r  (BRX(L)v (XLMDA(Lv 

850 FORMAT ( / / / 3 X t  4HRX = t  1 0 x 1  6HS/XS = r  014.71 5x1 6HS/XS = V  D 1 4 * 7 #  
1 5Xp 6HS/XS = P  D 1 4 . 7 ~  5x1 6HS/XS = e  D 1 4 * 7 / / / ( 2 X t  0 P F 6 . 3 ~  1 0  
2 X t  1PD20.13, 5 X v  1PD20.13~ 5x1 1PD20.13~ 5x1 lPD20.13) )  

9 0 0  FORMAT ( / 3 X v  10HRESOLUTIONv 5 X v  1PD20.13r 5x1 1PD20.13r 5x1 1PD200 
WRITE ( 6 v 9 0 0 )  (RLMDA(K)v K=21r 24) 

1 13r 5 x 1  1PD20.13) 
GO TO 1 4  

950 WRITE ( 6 ~ 9 5 5 )  OATElv DATE2v PHINv PHIv  WNv WPv DNv ORDRv DORDRv 

9 5 5  FORMAT ( 1 H l v  3 9 X v  45HDISCONTINUOUS-AHRAY DESIGN PARAMETER ANALYSIS 
1 GEL, NELv NSURv THETAv HNv HP 

1 1 5 6 x 1  14HPROGRAM TWELVE/51Xr 15HD. T. ROETHIG t A 6 r  A 2 / / / /  
2 51Xt  BHPHIN = 1PD15.8/ 
3 51Xe BHPHI = 1PD15.8/ 
4 51Xv 8HWN = 1PD15.8/ 
5 51Xv 8HWP = 1PD15.8’ 
6 51Xv 8HDN = 1PD15.8/ 
7 51Xv 8HORDER = OPF3.0/ 
8 5 1 X v  SHDORDER= OPF3.0/ 

1 51Xv 9HNEL = 12/ 
1 5 1 X v  9HNSUt3 = I 2 / /  
2 51Xv 8HTHETA = lPD15.8// 

3 5 1 X v  BHHP = IPDl5 .8 / / / .  
5 1 o X v  93HTHE INPUT PARAMETERS L I S T t D  ABOVE DO NOT CORRESPO 

9 5 1 X ~  BHGEL = 1PD15*8/  

3 5 1 X v  8HHN = 1PD15*8/  

6ND TO A PHYSICALLY REALIZABLE CONFIGURATION. 1 
GO TO 1 4  
END 

- D 6  - 


